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 Firefly bioluminescence is an enzymatic reaction, which requires Mg2+, ATP, 
and O2. The mechanism of this bioluminescence is as follows; first, the 
luciferase catalyzes the adenylylation of the luciferin and then the oxygenation of 
the adenylylated luciferin, which makes an excited state oxyluciferin is 
generated and yellow-green (560 nm) light is emitted. This high efficiency 
luminescent system is widely used in the field of life science. 
 At first, I have synthesized firefly luciferin analogs and evaluated 
bioluminescent property of 7- substituted and π-extended analogs. The 
π-extended type firefly luciferin analogs emitting blue, green, and red lights were 
developed. The longest emission maximum was observed at 675 nm (Near infra 
red, NIR), which belongs to the NIR biological window (650-900 nm), useful for 
deep site bioimaging of living animals. 
 Next, I and the collaborator have applied NIR luciferin analog to in vivo cancer 
imaging. The light intensity of NIR emission luciferin analog (λmax= 675 nm) at 
the living mice imaging experiment had 10 times stronger than natural luciferin. 
The results indicate that the NIR emission luciferin analog has great potential to 
detect tumors in deeper sites.  
 But firefly bioluminescence has a problem. The stronger light is required for 
realization of in vivo supersensitive deep site imaging. And another multi color 
luciferin analog has only very low light intensity. I have to solve this problem. The 
solution is that the light emission of the adenylated analogs was strongly 
enhanced compared with those of analogs themselves. But luciferin adenylate 
has low stability, so luciferin adenylate was not used imaging experiment as 
practical use tool. we aspire to create a high intensity and high stability 
luminescence system: a stable luciferyl- AMP. One has luciferyl-AMP’s structure 
activity correlation.  
 Many kind of luciferin nucleotide was synthesized and evaluated those light 
intensity. One of luciferin nucleotide analog that was translated nucleotide 
structure at the phosphoester bond site has high stability. High stability luciferin 
nucleotide analog was developed and this technology can be applied to bule and 
red luciferin analogs. These technology will become a new powerful luminescent 
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Fig. 1-5 Dubois'ôǻ 




























































 B{|GvJ'Ÿ«(Ɨƥ (λmax = 510 nm)6( BFP3ƗƥƩ«T|bGǆ (Green 

















Fig. 1-7 B{|GvJ'ŲũŸ«Æď (1) 












































































































































































1-2-2.  Ÿ«ǠïÇŭ 
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1-3.  kTx'ŲũŸ« 
 




 1916 ÿHarvey 3(kTx'Ÿ«xNf?w|}xNf?v~SÆď9ƃ#9ŸƳ
'ċ1957 ÿ& McElroy 3&24¿<qwCųkTx (Photinus pyralis)3kTxxN
f?w| (1)ÀǬ6 5)1961ÿ&White3&2!kTxxNf?w|(1)'ÍĘŇǒŔó




Ŵ&24kTxxNf?w|  (1)nH_N>p=B|ðÚ<Z`N|w|ǝ 
(adenosine triphosphate : ATP)#Æď<Z^x 4#%4ƔǝƐ¾Æď&24ŲĘ5
ǥ B9ƒ!òó%OBERT`|ǥ CćĘ656ƠŤǝ9!±Ʒ5Ǖ
ƈ"»Ǉūė'BENxNf?w| 5 9ŲĘ5'BENxNf?w| 5 Þăūė&Ǚ























































¿<qwCųkTx (Photinus pyralis)3ÀǬ6kTxxNf?w| (1)('Ÿ«ŵƧ
'xNf?v~S#0ÄÆď5#ƀ36!5 2) 


























































Fig. 1-9 ƭŲŃĿEW[ 
xoYPT~PD10N &  
xNbWG{=\ 
ǾEWK~n|ŀąƄǿ 







 xNf?v~S( N\q=|# C\q=|9PhwW[!063žŴÊƟ%ǈǬ
&ǌ #ķĻ'xNf?v~S#!'ŋƟ9ŸŮ"5#ĭ3&%!5łŢ3





5w|ǝ¾6 IRS-1 #PI3K ' SH2 \q=|#'žŴ9Ŵǩ"(PhwW[h
z~g±ï&ƓÍ IRS-1# SH2\q=|9=|Pw|Èö9Ǖ·ŸŮƑƞ&ŸŮ
5#Ƒƞ&=|Pw|9şº5#"=|Pw|ţĄ¢ðź&xNf?v~SŘĒ



































































































Fig. 1-13 ƱĹ3'ôǻ'ŊąÙ 






















































Fig. 1-14 hzqDƄ'xNf?w|hz~g 
10"
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1-4-4. ½ũ¥9ŲũŸ« in vivo=q~O|H 
 
 in vivo=q~O|H(&n>P1vW[ƍ'½ũ¥"'ƑƞǚïŸŮ1T|bGǆ'
Ğ½9Ų..&ä3ƶø5ěƬ"5 15)Ū& in vivo«=q~O|H(Ū´%Ƽ¨1
çÜŋÕ9ĎƲ#%#Ń°ŋÕ'Ÿü&24ǌÿđǑ&įÅ!!5 










 'Ȃ'«=q~O|Hŕ'ŏǋ( Fig. 1-16&ƃ 
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2-1.  7 £ǡŊüQlEAaM+ÅċȒȏ 
 
























+çľ?ǿ"$ 20)  
śɛ%,<3%ǿ><$







































1 X = H
2 X = F
3 X = Cl
4 X = Br
5 X = I
6 X = Allyl
1: X = H
11:  = F 
12:  = Cl 
13:  = Br 
14:  = I 
15:  = Allyl 
! ! 13!
2-2. rXQlE (1) +çľ 
 
 rXQlE (1) +çľ, 1961Ĥ)White9)8:È5$ÿë 20) <+Ĳ
çľǔȥ+Ōóÿë<$
;ŘȮ%,1992 Ĥ)Ŀȟ9)8:ǈ¯(çľǔȥÿ


































































































×çƒ 12~14 +çľ,ĞȠ+lEe¥ 17 ?ÄƤÝŏ (17 ,ɘĠ)ɦ®(5đ
ɐ, 16 9çľ) &N-X-SLQCv` (X = Cl, Br, I) ?Ɯ
$ 7 £?fN×
×çƒ 18b~d Ĵ(9+Ĵ9<×çƒ+!L¥ 18bmy 18c
,Ýŏ&+ÅɒH~w%,÷ɓ%	"5lEeĹŸɂþ?AUZþ%±











































CH2Cl2, r.t., 20 min
 
8 9a~d 10a~c 
a = F, b = Cl 


















































  9a : R = Ac, X = F
10b : R = Ac, X = Cl
10c : R = Ac, X = Br
10d : R = H, X = I
2: X = F (50%)
3: X = Cl (54%)
4: X = Br (50%)
5: X = I (50%)
0 , 2 h 
Scheme 2-4 7-fN×rXQlE 11~14 +çľ 
19 
18 19 


















 çľrXQlE 1 &rXQlEɠǝ¥ 11~15 +Ƥ¼ƆĐ?ǿ" 
þȢ, ɁǐQlE~V&$ØǉƛrX (Photinus pylaris, Ppy) ƝŞ+QlE
~V Ppy ?Ɯ
 ATP, Mg+Čû% 30 ƶɉƤ¼ƆĐ?ǿ"þȢ 1, 11~15 +Ƥ¼Ī





Ŕ+rXQlE 1 + 30 ƶ+Ƥ¼ƺǅ´? 1 &$ɠ




þȢ  1 
(X = H)  
11 
(X = F)  
12 




(X = I)  
15 
(X = Allyl)  
Ƥ¼žĹ  1 1/20 1/15 1/50 1/100 1/70 
 





















































Fig. 2-1  rXQlE 1 & 7 £ǡŊüAaM 11~15 + 30 ƶɉ+Ƥ
¼ǔŔĄ×?ƴɩþȢƊħ,
<6 20 µMɪ 
 
Table 2-2  rXQlE 1 + 30 ƶɉ+Ƥ¼ƺǅ´? 1 &Āç+

















2-4-2  vHFSĐŎ+ƆĐ 
 
þȢ&QlE~V&+ȋîĹ?ūȓ;5vHFSĐŎ (Km) ?ƆĐǚ
Ƥ¼Ʌ?àĸ+Èȳħ (v0) &þȢƊħ)ĕ; v0 ? Lineweaver-Burk n[_








Km (µM)   Vmax 
(count/30sec)  
H (1)  0.8~12 0.00002 22.0 ± 2.1 2.9 × 107 
F (11)  1.25~100 0.002 37.8 ± 3.4 1.8 × 106 
Cl (12)  5~100 0.002 120.7 ± 17 6.6 × 106 
Br (13)  2~20 0.002 44.8 ± 4.8 7.4 × 106 
I (14) 2~100 0.002 66.7 ± 15.6 6.7 × 106 
Allyl (15)  0.8~80 0.002 86.0 ± 9.0 1.3 × 106 
 
 
Ĵ9< Km ´+ɜ)1;&+8)(" 
Cl > Allyl > I > Br > F > H 
Ƥ¼žĹ, 
I < Allyl < Br < F < Cl < H 






















































 λmax  λmax 
H (1)  565 nm Br (13)  585 nm 
F (11)  585 nm I (14)  570 nm 
Cl (12)  580 nm Allyl (15)  580 nm 
 
Ɂǐ&$ Ppy?Ɯ
Āç+rXQlE (1) +ƚƒƤ¼Żɇ, 565 nm%	;
+)ĕ7£ǡŊüAaM 11~15+ƚƒƤ¼Żɇ,ŭ* 570~585 nm&Żɇ+Ą×,
20 nmƸħ%	" (Table 2-4)  



















Żɇ (nm)  
































2-5. rXQlE)ĕ; 7 £ǡŊþė½+ÔŠ 
 
rXQlE&Ƥ¼&+ŮȴžĹƪɊ?œ9)1rXQlE (1) 









































Fig. 2-3    ɵ£ǡŊüQlEAaM 
! ! 19!
2-6.  πÀį¡ɇüQlEAaM+ÅċȒȏ 
 








AaM 20~22 ,<<rXQlE (1) +ĜµƙȾpWZAWƙ
)#




$ OH þ (AaM 20~22) NMe þ (AaM 23~25) +ƹɠ?Ɯ
3alX






















































26 27 28 
! ! 20!
2-7.  πÀį¡ɇüAaM+ƚƒƤ¼žĹȔ® 
 
2-7-1. lEeüAaM 20, 21, 22+ƚƒƤ¼SqL_ 
 
ÀèưƻǤ)8:çľ 19) <AaM 20, 21, 22)#
$+Ƥ¼Żɇ?ƆĐ 
þȢɁǐ PpyATPuMdQDwCGČû% 180 ƶɉƆ¼æþȢ+Ƥ¼S























20 440 nm 
21 530 nm 
22 640 nm 
 
AaM20, 21, 22+Ƥ¼Ŭć,20440 nm21530 nm22640 nm%	" (Table 
2-5) lEe&ZAWƙ&+ɉ)#ɃǕç?ė½;&)8ƚƒƤ¼
















20 21 22 
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2-7-2 RxZAveüAaM 23, 24, 25+ƚƒƤ¼SqL_ 
 
ÀèưƻǤ)8:çľ 19) <rXQlE&æAaM 23, 24, 25)#
$+
Ƥ¼Żɇ?ƆĐ 
þȢɁǐ PpyATPuMdQDwCGČû% 180 ƶɉƆ¼æþȢ+Ƥ¼S
qL_?)ƴ (Fig. 2-5)  

























23 445 nm 
24 560 nm 
25 675 nm 
 
AaM23, 24, 25+Ƥ¼Ŭć,23445 nm24560 nm25675 nm%	" (Table 





















Table 2-6 RxZAveüAaM 23, 24, 25+ƚƒƤ¼ŬćŻɇ 
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2-7-3. al_üAaM 26, 27, 28+ƚƒƤ¼Īħ 
 
ÀèưƻǤ)8:çľ< 19) AaM 26, 27, 28)#
$+Ƥ¼Żɇ?ƆĐ 
þȢɁǐ PpyATPuMdQDwCGČû% 180 ƶɉƆ¼æþȢ+Ƥ¼S


























26 560 nm 
27 655 nm 
28 680 nm 
dsi 26, 27, 28Y)Z 26K 560 nmD27K 655 nmD28K 680 nmUFRQ(Table 
2-7) Esvq}Vodm|$Y>Y<0	cSNQ	XZ 95 nm==jvqN
TGQEsvq}Vodm|$Y>Y<0	cSNQ	XZ 120 nm==jvq























Fig. 2-6 svq}dsi 26, 27, 28Y%#)kwhq} (:. Ppyc&GQ	Y
)kwhq}UDkwhq}ZT)=YUu}y{elNQpnUF`) 














2-7-4.  7£ǡŊQlEAaM& πÀį¡ɇüQlEAaM+ƚƒƤ
¼Żɇ3&5 
 
7 £)fN&Aþ?ė½AaM 2 ~ 6 %, 565 nm 9 585 nm &Ř6Żɇ




















Fig. 2-7)ƴ8)ɃǕç?#ė½;&)8 100 nm+ɇŻɇQl_ȌƆ
< 19) ő%al_RFAaM 28 )
$,al_yeFAaM
27 &ŷ1Żɇ+Ql_, 30 nm +ɇŻɇQl_)&'3"$
 
 Ƕƥ),ɃǕç?#ė½;&)8;Żɇ+Ql_, 30 nm +ɇŻɇQl_Ƹ






























































1: X = H 
2: X = F
3: X = Cl
4: X = Br
5: X = I
6: X = Allyl
20 21 22 
23 24 25 

























, 625 nm &Ƥ¼ƹè%	;)6>9ƚƒƤ¼Żɇ&,ćƢ(;&
>"$



































































6: X = Allyl : X = Allyl 













































1: X = H 
2: X = F
3: X = Cl
4: X = Br
5: X = I
11: X = H (61%)
12: X = F (20%)
13: X = Cl (54%)
14: X = Br (73%)
15: X = I (76%)
TMSCHN2






















ɵ£)ǡŊþ?ė½AaM 11~15 %, CL ŬćŻɇ)ǡŊþė½+ÔŠ)8;ć



























 CL ŬćŻɇ ɁǐQl_ BL ŬćŻɇ 
D-LH2 (27, 1)  625 nm 60 565 nm 
7-F-LH2 (28, 11)  640 nm 55 585 nm 
7-Cl-LH2 (29, 12)  635 nm 55 580 nm 
7-Br-LH2 (30, 13)  630 nm 45 585 nm 
7-I-LH2 (31, 14) 635 nm 65 570 nm 




D-LH2 (27, 1)  
7-F-LH2 (28, 11)  
7-Cl-LH2 (29, 12)  
7-Br-LH2 (30, 13)  
7-I-LH2 (31, 14)  








































AaM 33, 23 %, CL ŬćŻɇ 540 nm %	"+)ĕBL ŬćŻɇ,Ɂǐ+Įɚ 
(ɁǐQl_) )8: 95 nm ƯŻɇQl_ 445 nm %	"AaM 34, 24 %, CL
ŬćŻɇ& BL ŬćŻɇ)ć(ĝ,("(>!Ɂǐ)8;Įɚ(ɁǐQl_) ?
2&@'ã$
("AaM 35, 25 , CLŬćŻɇAaM 34, 24 )ŷ1 30 nm
ɇŻɇQl_BL ŬćŻɇ,9)Ɂǐ+Įɚ (ɁǐQl_) )8: 60 nm ɇŻɇQl




R = Me      33                     34                          35 





 CL ŬćŻɇ ɁǐQl_ BL ŬćŻɇ 
33, 23 (n = 0)  540 nm 95 nm 445 nm 
34, 24 (n = 1)  570 nm 10 nm 560 nm 







Fig. 3-3  RxZAveüAaM+×čƤ¼SqL_?đǜ%ƚƒƤ¼S
qL_?Ʊǜ%ƴ (Ƥ¼kwhq}ZT)=YUu}y{e
lNQpnUF`) 































nm +[`Ql_ȌƆ<AaM 36, 26 %,ɁǐQl_,2&@'ȌƆ<(
"AaM 37, 27 %,#ɃǕç?ė½&)8; 30 nm +ɇŻɇQl_)
ÑɁǐ)8;Įɚ (ɁǐQl_) %9) 60 nm +ɇŻɇQl_ȌƆ<ő
%ÅċɇŘɇ+AaM 38, 28 %,AaM 37, 27 &ŷȪɁǐQl_+´),Ą×
(Àį¡ɇ+ÔŠ%30 nmɇŻɇQl_$
;ƴð< (Fig. 3-4, Table 3-3)  
 
 
R = Me       36                     37                      38  























 CL ŬćŻɇ ɁǐQl_ BL ŬćŻɇ 
36, 26 (n = 0)  560 nm 5 nm 565 nm 
37, 27 (n = 1)  590 nm 65 nm 655 nm 






Fig. 3-4  al_üAaM+×čƤ¼SqL_?đǜ%ƚƒƤ¼SqL_?Ʊǜ
%ƴ (Ƥ¼kwhq}ZT)=YUu}y{elNQpnUF`) 
 












































ɃǕç+Ŏ#ă;&) CLŬćŻɇ 30 ~ 40 nmƸħɇŻɇQl_$
























































27: X = H 
28: X = F
29: X = Cl
30: X = Br
31: X = I
32: X = Allyl
36 38 
35 34 33 
37 
! ! 30!











<3%+ǕŠ93 7 £ǡŊü+AaM)Ɋ$+ǣĔ?ǿ" 
Åċ+ěɦ&
Ȋƌ9rXQlE (1) + 7 £)ǡŊþ?ė½Aa
















ų)πÀį¡ɇüAaM 23, 24, 25 )Ɋ$+ǣĔ?ǿ"<3%+ǕŠ9
AaM 23, 24, 25 )#
$+ BL ŬćŻɇ& CL ŬćŻɇ&+ƪɊɊ°?)3&5 
(Fig. 3-7, 3-2-2.)  
 
 
 +ǕŠ9π Àį¡ɇüAaM%, π Àį¡ɇƚƒƤ¼Żɇ);Įɚ,
2 #)Å$ǣ;&%πÀį¡ɇ)8:ɃǕç?#ė½;&%×ç
ƒŅ#Ɖûƥ(Żɇ+ɇŻɇQl_ (30~40 nm) Ñ$ŮȴĄ×&)8:Ɂ
ǐQl_Įɚ?ã70 nm Ƹħ+ɇŻɇQl_<9 2 #+ÔŠ	>"$



































Fig. 3-6  rXQlE (1) & 7 £ǡŊüAaM 2~6 +ɁǐQl_+´ 












1: X = H 
2: X = F
3: X = Cl
4: X = Br
5: X = I


























;5×čƤ¼Żɇ)ŷ1+60 nm [`Ql_&ǣ9<; 
ǘ$AaM 26, 27, 28 )#
$+ BL ŬćŻɇ& CL ŬćŻɇ&+ƪɊɊ°?)









al_ü+AaM 26, 27, 28 )#
$6RxZAveü+AaM 23, 24, 25 &
2&@'èů%	:π Àį¡ɇ)8:ɃǕç? 1 #ė½;&)×çƒ+Ɖûƥ(
Żɇ+ɇŻɇQl_ (30 nm) Ñ$ɁǐQl_)8;Įɚ?ã 65 nm +ɇŻɇQl_




ɁǐQl_+´,AaM 27 &Ŵ'èƸħ++60 nm %	"+5AaM 28 +









































Fig. 3-8 AaM 23, 24, 25 +ɁǐQl_+´ 
26 27 






















 ǣĔ)½;Ì)rXƚƒƤ¼ǸËĵ+xHbTw)Ɋ$+ɔȲćģɄ9+ưƻ 25) 
)#

















)Ƥ¼ŬćŻɇ 565 nm %	"&9Ɂǐ+žĹȾ£%+ŬĹ,ɘŬĹƙĂĀ%
	;äǪĹƴð<×čƤ¼%ƇĊ&$Ɯ









<+ 7 £ǡŊüAaM)Ɋ$6-60 nm Ƹħ+ɁǐQl_?ƴ$
&


















Fig. 3-10 ģɄ9+ưƻ (ů(ƇĊ%+GJQQlEAaM+Ǽ¼ƓĹ
?țŢƇĊŬĹ7CGĕŮȴĄ×)8:QlE~V+žĹĶ+ƙĂ
Ā+y^×ÄŞ;?ÿë) 







 Àį¡ɇüAaM 23, 24, 25, 26, 27, 28 )Ɋ$6èů)ǣĔ?ǿ" 
rXQlE (1) +ÅċPCT)ŷ1 23 )Ɋ$,Ę24, 26 %,2&@'
èů%	:25, 27, 28 %,rXQlE (1) 8:6ć("$




























M 25, 26 &èů(ƙĂĀ%Ƥ¼$
;ƴð< 
 
 +ǣĔ)Ɋ$2006 Ĥ)ȿćč Ž9)8:ÿë<QlE~V&Q
lEɠ¢¥&+Ȇç¥+ X ǜǕŕŮȴȍşǕŠ(8) ?n]C^XgL (PDB) 
9YD` DeLano Scientific Ƶ+ÅċM~lB[LS\%	; PyMOL ?Ɯ

$QlE~V+žĹĶȾÅ+XhLŮȴ+y^ (ŸǸ) &GJQQlE
 (5, ɨǸ) &AaM Oxy-25 (ŧǸ) +Ƀ*ç>?ǿ" (Fig. 3-13) Ƀ*ç>,









Fig. 3-12 Oxy-πÀį¡ɇAaM%+žĹȾ£CxRø 




























;Wat725 &ȁȑŸÅċ+4ǛǸ+Ɨ%ȁȑWat725 ,GJQQlE 5 
(ɨǸ) &,ȮŇ$
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 ő%AaM Oxy-25 )












substrate D-LH2.7 Based on a bioengineering study, several mutant
luciferases emitting various colors were developed.8,9 Among var-
ious luciferases including their mutants, the shortest emission
maximum wavelength was 534 nm and the longest was 623 nm.7
Theoretical study of the light emitter oxyluciferin indicated an
expected emission range from natural D-LH2 to be 421e626 nm.10
This study suggested that a new substrate scaffold, other than the
natural luciferin chromophore, is required in order to obtain
a wider emission range and longer maximum emissionwavelength
with Lampyridae luciferases including their mutants.
After the structure of luciferinwas elucidated and synthesized in
the 1960s, some modiﬁed luciferin analogs, such as 60-amino-
luciferin,11 were synthesized and a few of them functioned as light-
emitting substrates.3 More recently, N-alkylated 60-aminoluciferins
were found to act as substrates12 and cyclic alkylaminoluciferinwas
reported to show red light emission (607 nm) by using the mutant
of Photuris pennsylvanica ﬁreﬂy luciferase (Ultra-Glo).13 Some
modiﬁed luciferins were newly developed for color change and
speciﬁc purposes.14e22 However, most synthetic bioluminescent
luciferin analogs consist of benzothiazole and 4-carboxythiazolin-
2-yl rings unchanged from natural luciferin, except for quinolyl-,
coumaryl-, naphthylluciferins,17,23a and very recently published23b
heterocyclic luciferin analogs.
In this study, we have substituted a benzothiazole moiety with
a simpliﬁed aromatic structure to investigate the effect of p con-
jugation to the emission wavelength (Fig. 2).
2. Results and discussion
2.1. Molecular design and synthesis of luciferin analogs
Because the scaffolds of these analogs are different from those of
existing substrates, we have used molecular modeling to predict
the interaction between intermediate species of one of the longest
analogs, 3b, and luciferase. Fig. 3 shows a plausible location of the
model compound oxy-3b and AMP at the active site of the
Photinus pyralis luciferase. The crystal structures used (PDB acces-
sion number 4G3623c and 2D1R32) were downloaded from the RSCB
protein data bank. Structural alignment, generation of electrostatic
surface potential and construction of the ﬁgure were carried out
using PyMOL (DeLano Scientiﬁc; http://www.pymol.org). The co-
ordinates of the DLSA-bound P. pyralis luciferase structure (chain B
of 3G36) superimposed closely on the oxyluciferin and AMP-bound
Luciola cruciata luciferase structure (2D1R), giving a root-mean-
square deviation of 1.1 !A based on 3227 atoms. The local mini-
mum conformation model of oxy-3b was obtained using Spartan
’04 (Wavefunction; http://www.wavefun.com) by HartreeeFock 3-
21G calculation. The 4,5-dihydro-4-oxothiazol-2-yl moiety in oxy-
3bwasmanually aligned onto both a 4,5-dihydro-4-oxothiazol-2-yl
ring of the oxyluciferin and a thiazole ring of DLSA. As shown in
Fig. 3, the extended E,E-form of oxy-3b ﬁtted into the narrow and
deep substrate-binding site. Several polar amino acid side chains
(Arg218, Ans229, Tyr255, Ser284, Glu311, and Arg337) faced the
bottom of the binding pocket and provided the rather negative
electrostatic surface expected in a cation-stabilizing environment.
Notably, the nitrogen atom of oxy-3b closely overlapped the water
molecule (Wat725) of the 4G36 crystal structure. This preliminary
evaluation indicated that it is structurally possible to locate the
designed analogs on the native luciferin binding site.
As a simple bioluminescence chromophore for luciferase sub-
strate, we chose a 4-hydroxyphenyl group as an aromatic part. This
part was connected to a 4-carboxythiazolin-2-yl ring directly (an-
alog 1a), or was connected through one (analog 2a) or two (analog
3a) double bonds to study the effect of p conjugation on the
emission wavelength (Fig. 2). A 4-(dimethylamino)phenyl group
was also selected as an aromatic part (1be3b) with an expectation
of a red shift of light emission, through the electron donating effect
of the alkylamino group. In addition, 6-hydroxynaphthalen-2-yl
analogs 1c23a and 2c were also anticipated as shifting emission
maxima toward red, because of longer p-conjugated systems than
that of the corresponding 4-hydroxyphenyl analogs. The 3-
hydroxystyryl-type luciferin analog 2d was also prepared to eval-
uate the importance of the hydroxy group position for bio-
luminescence activity.
The synthesis of luciferin analogs was conducted as shown in
Scheme 1. We utilized D-cysteine or (S)-trityl-D-cysteine methyl
ester for constructing the chiral thiazoline ring. Thus, the analogs
1a, 1b, 1c, and 2a were synthesized directly by the coupling of D-
cysteine with the corresponding nitriles, 4a, 4b, 4c, and 6,
Fig. 2. Chemical structure of synthetic substrates (1e3).
Fig. 3. Structure around plausible ligand-binding site of P. pyralis luciferase and
overlay model of oxy-3b, oxyluciferin and AMP. The backbone structure of luciferase
(4G36) is shown in cyan, and the electrostatic surface is presented as a wire mesh with
negative and positive charges in red and blue, respectively. The original ligand DLSA is
omitted from the ﬁgure for clarity. Side chains of Arg218, Ans229, Phe247, Tyr255,
Ser284, Glu311, and Arg337 are shown in stick form. The view was sliced to show the
binding pocket and some residues were omitted from the ﬁgure for clarity. Water
molecules are shown as red spheres, except Wat725 is colored green. The ligand atoms
are displayed in stick form with the carbon atom of oxy-3b in magenta, oxyluciferin in
lemon yellow and AMP in orange. Nitrogen is colored blue, oxygen is colored red,
sulfur is colored yellow, and phosphorus is colored deep orange.
S. Iwano et al. / Tetrahedron 69 (2013) 3847e38563848
Fig. 3-13 QlE~V (ŸǸ) +žĹĶ&GJQQ E (5, ɨǸ) &Aa




Åċ+4ǛǸ+Ɨ%ƴ)Arg218, Asn229, Phe247, Tyr255, Ser284, Glu311, Arg337
+Aveɂŵþ,Ũü%ƴ) 
! ! 35!












?ǿ"ĈƐþȢ%,Ɂǐ)8;Įɚ (ɁǐQl_) %×čƤ¼Żɇ8:6 60 nm ƯŻ
ɇQl_$























πÀį¡ɇüAaM%, πÀį¡ɇƚƒƤ¼Żɇ);Įɚ, 2 #)Å$ǣ;
&%πÀį¡ɇ)8:×çƒŅ#Ɖûƥ(Żɇ+ɇŻɇQl_ (30~40 nm) 











Fig. 3-14 7 £ǡŊüAaM+ɁǐQl_ 
ɁǐQl_
Fig. 3-15 AaM+ÅċPCT&ɁǐQl_+Ɋ° 









1: X = H 
2: X = F
3: X = Cl
4: X = Br
5: X = I












































 650 ~ 900 nm +Ȯȣąɝý+¼,+ƚ¥ȰȸĹ+ɦ9ƚ¥+ƾ&í-<Ȯ
Ĥć(żƩ?ɑ5$
; (Fig. 4-1) 23)  
  
 
Fig. 4-1 ¼čƥ(ƚ¥+ƾ (ǾƁľÅ%	;oyMj
ɂ×oyMjŸ+¼êáSqL_) 
! ! 37!







?ƴđɐ),rXQlE (1, λmax = 565 nm) AveQlE (40, λmax 




































 in vivoCxRMđɤ 
 




































Fig. 4-2 ŋ¢ƚ¥đɤ (Ƥ¼?ɧǩǥ+qS_&DuǾƁ?ƃç¨ľ
ƚ¥y^lBX9+Ȱȸ¼?ȌƆƚ¥ȰȸĹ?Ȕ®) 
! ! 39!
4-1-2. in vitro %+ƚ¥y^lBX9+Ȱȸ¼+SqL_ƆĐ 
 
 rXQlE (1, λmax = 565 nm) AveQlE (40, λmax = 610 nm) Ȯ
ȣąƤ¼AaM (25, λmax = 675 nm) +Ƥ¼? 1 cm +ƚ¥y^lBX (ɧǩǥ&
ƑǾƁ) %lBXM+Ȱȸ¼+SqL_?ƆĐþȢɁǐ Ppy Čû
















































































4-1-3. in vitro %+ƚ¥y^lBX?Ɯ
ƚ¥ȰȸĹ+Ȕ® 
 
 ų)rXQlE (1, λmax = 565 nm) AveQlE (40, λmax = 610 nm) 
ȮȣąƤ¼AaM (25, λmax = 675 nm) +Ƥ¼+ƚ¥ȰȸĹ?Ȕ®<<+Ƥ¼




ƚ¥Ȱȸƕ? Fig. 4-4 )ƴ 
 
                              
  
<9+ǕŠ9rXQlE (1) + 1 cm +ƚ¥y^lBX+ƚ¥Ȱȸƕ
, 0.4%%	"ȮȣąƤ¼AaM 25+ƚ¥Ȱȸƕ, 5.7%&rXQlE8:






















Fig. 4-4 þȢ 1, 40, 25 +Ƥ¼+ƚ¥y^lBXȰȸƕ (æþȢ+ 180 ƶ+Ƥ¼ƺǅ´
%ƚ¥y^lBX+Ȱȸ¼+ 180 ƶ+ƺǅ´?Îǅƚ¥Ȱȸŷƕ?ǅÄ) 
1 40 12 
! ! 41!
4-1-4. in vitro %+ƚ¥y^lBX9+Ȱȸ¼+Īħ 
 
rXQlE (1, λmax = 565 nm) AveQlE (40, λmax = 610 nm) Ȯȣ
ąƤ¼AaM (25, λmax = 675 nm) +Ƥ¼? 1 cm +ƚ¥y^lBX (ɧǩǥ&Ƒ
ǾƁ) %lBXM+Ȱȸ¼+Ƥ¼Īħ?ƆĐþȢɁǐ Ppy Čû%























Āç+Ƥ¼Īħ,rXQlE (1) ? 100%&Āç)Av
eQlE (40)  25%ȮȣąƤ¼AaM 25 20%%	"<)ĕ1 cm
+ƚ¥y^lBX%lBXMȰȸ¼+Īħ,rXQlE (1) ?
















































Fig. 4-5 rXQlE+Ƥ¼Īħ? 100 &Āç+þȢ 25, 40 +
ƪĕȬħ?ƴ$:ø,lBXƎ+Āç+ƪĕȬħø),
lBXȰȸ¼+ƪĕȬħ?ƴ 




 in vivo CxRMđɤ 
 
 in vivo CxRMđɤ,Ʀǯƣy^&ɥȩƷy^?ª"$ǿ"đɤ+Cx










V%	;<3%+ in vitro +đɤ%Ɯ



































 Ʀǯƣy^+Āç),rXQlE~V (Luc+, promega) ?ĺĠƤƖ;u
DSɥǥǯǑǨ LM8 %	; LM8/luc+?c`uDS (6 ȶɉ♂) +ǧƦ) 2.0 x 106 
cells Ʒũđɤ),Ʒũ 11~13 ŒĲ+uDS?Ɯ
 
 +y^uDS)rXQlE (1) &ȮȣąƤ¼AaM 25 ?<< 500 
µM + PBS ƇƁ? 100 µl #ǰǮŃĀç+Ƥ¼+ǔŔĄ×?ƆĐkLƤ¼Ī
ħ?ŷȪþȢŃĲɴŔɉ2'%Ƥ¼,ď¾)ƀ¼;5uDS,è²¥%
¿ŔɉĲ)É+þȢ?ŃÂħƆĐ?ǿ"Ƥ¼+ůċ, Fig. 4-7 )ƴĜµ+Ã


























 ȮȣąƤ¼AaM 25  in vivo %6Ƥ¼ŻɇĄ>;&ƎƤ¼ȌƆ<;
>"(Fig. 4-8) 3+1(VGH7*!Y G9U\Dxn}}jvf| C
]_\)ZJRQEX?NTZ@YB6-zp}YAU4/X5O`E 
500 550 600 650 700 750 800 
Wavelength [nm]
rXQlE (1)  ȮȣąƤ¼AaM 25!
rXQlE(1) ! ȮȣąƤ¼AaM 12!
Fig. 4-8 in vivo %+rXQlE (1) , ȮȣąƤ¼AaM 25 +Ƥ¼SqL_ 
Ƥ¼kwhq}ZT)=YUu}y{elNQpnUF` 
Żɇ! (nm)! !
Fig. 4-7 Ʀǯƣy^%+Ƥ¼CxRMƟº 




















 ɥȩƷy^uDS+Āç),¤ɂǐĸǄȼċ+FfPɀÇ%	; Hypoxia 
Resposible Element (HRE) +ſ)rXQlE~V (Ppy) ȼċ?ȵǕpL
X?ĎĐė½ǜǙǥǯǑǨţ LM8/luc+?c`uDS+ĜĶĒ9ƷũɥȩƷ
y^? 3 ɞ¨ľƜ
+ 3 ɞ+ɥȩƷy^uDS)ĕrXQlE 


















Ƥ¼Īħ, Fig. 4-10 )ƴ8(ǕŠ&("uDSĲǦ)ɥȩƷǑǨ9+Ƥ¼
Īħ?ƴ$
;ȮȣąƤ¼AaM 25 +Ƥ¼Īħ,rXQlE (1) 8:6









      高感度イメージング 
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Hypoxia Responsible Element (HRE) の下流にホタルルシフェラーゼ (FLuc) 遺伝
子を連結したベクターを安定的に導入した線維肉腫細胞株 LM8/luc+を Balb/cマ









図 1. 骨転移モデルでの発光(D-ルシフェリン vs. アカルミネ) 
文部科学省新学術領域研究「がん 分野の特性等を踏まえた支援活動」 
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Hypoxia Responsible Element (HRE) の下流にホタルルシフェラーゼ (FLuc) 遺伝
子を連結したベクターを安定的に導入した線維肉腫細胞株 LM8/luc+を Balb/ マ
























































rXQlE (1)  ȮȣąƤ¼AaM 25!
rXQlE (1)  ȮȣąƤ¼AaM 25 
Fig. 4-9 ɥȩƷy^uDS?Ɯ
Ƥ¼CxRMƟº 
è²¥+uDS)ĕèyɅ+þȢ 1 (Ĝø), 25 (åø)?ǰǮÁŃĲ
+ 10 Å+CxCMƟº?ƴɕ¼Ŕɉ, 1 Åɉ%	; 

















uDS)ĕèyɅ+ rXQlE (1) 
ȮȣąƤ¼AaM 25?ǰǮŃ10 ÅĲ30 
	
ÅşǾ+QlEƊħ?ƆĐ10 ÅĲ+þ
Ȣ+ǾƊħ, rXQlE (1)  0.42 µMȮȣąƤ¼AaM 25 1.26 µM
+ǕŠ9ȮȣąƤ¼AaM 25+ǾƈơĹ, rXQlE (1) 
Å"30 ÅĲ+þȢ+ǾƊħ, rXQlE (1) 
 0.33 µMȮȣąƤ¼AaM 25 0.82 µM
	30
ÅĲ+ǾƊħ,10 ÅĲ+ǾƊħ+ 70%




































 rXQlE (1) &¾+èŝ%QlEAaM+őĪ
Ƥ¼?ƴ
&
«,Ǝèŝ%Ƥ¼Īħ? in vivo %ŷȪ%«6Ɩû+&=ÿë,
(
õ+ȮȣąƤ¼AaM 25 in vivo CxRMđɤ%rXQlE (1) 
8:6 10 ³ȮĪ
´?ƴ&,Ŭ5$Ƿĉ(ǕŠ%	" 
 ő%in vitro +Ǎ%,rXQlE (1) +Ƥ¼Īħ+Å+Ƹħ(
Ȯ






 (1) 6ȮȣąƤ¼AaM 256 in vitro +đɤ%,ŝ)8:Ƥ¼+Īħ+ƪɊ
Ą>;ŝ	;&>"$
;þȢƊħpH +Ą×7 ATP ƊħMg CGƊħ
3ƅħ)8"$6rXQlE (1) &ȮȣąƤ¼AaM 25 &+Ƥ¼Īħ+ƪ
ɊĄ>;3śưƻ%ǿ"$ in vitro +đɤ%,Ŵ'¾$+đɤ%Ɂǐ)ĕ$þ
ȢȸÍ+ŝ%đɤ?ǿ"$












8)¹&%rXQlE (1) 8:6 10 ³+Ī+Ƥ¼ȌƆ
<;&
ǕŠ)("&ǣĔ$
;Ĳ( in vitro +đɤ%,rXQlE
 (1) + 20%Ƹħ+Ƥ¼ĪħƎ
ȮȣąƤ¼AaM 25 in vivo+Õƒđɤ%, 10
³+Ƥ¼Īħ?ƴ+&
 in vitro& in vivo+đƆĪħ+ƪȹ+Ýö?ǋŢ;
&%<3%&,¾ȹ"Ő
Ƥ¼Ŝŏ+ɈƤņɆ?Ĵ;ÄŞ;%	= 
 śɛ%ǿ"ưƻ%,in vivo ƂȾCxRM);Ŭ5$řÔ(ȮȣąƤ¼Aa
M 25+űǪ?đȓ;&&6)Ĳ+ŜŏȔ®ɈƤ)řƜ(ƮȈ?Ĵ;ÄŞ 
 







 <)ĕȮȣąƤ¼AaM 25+Ƥ¼Īħ, in vitro %+ǏǊ(Ƥ¼žĹȔ®đɤ














































ǁ 5 ǀ rXQlEcLGZ`+çľ&Ƥ¼žĹȔ® 










 (Fig. 5-1)  
 
 rXƚƒƤ¼àĸ,rXQlEØǉƛrXQlE~V (Photinus 
pyralis) +¨Ɯ)8:AMP ×àĸų
%ɂǐ×àĸ+ɰ#+àĸȷǿ;&%
ɨǛǸ)Ƥ¼; (λmax = 565 nm)  +Ƥ¼Ʌċáƕ,Ŭ5$ɦ




 <3%+ưƻ%ŶõƩ+àĸ%	; AMP ×àĸ?ƍƥ)ȄÒ; (#3:r
XƚƒƤ¼àĸ+ɉ¥%	;QlEAMP×¥?řűçľ;) %Ƥ¼àĸ?ɡ
ȧƥ)Ñȳ%;>"$
; (Ȭħ 100 ³~1000 ³) 19) Fig. 5-2 )ƴ8)rX
ƚƒƤ¼àĸ)
$AMP ×àĸıȳŶɏ%	;>"$

























































































Fig. 5-1  rXƚƒƤ¼àĸɉ¥ 






















































































Fig. 5-3  śưƻ%Ɯ
cLGZ`ȾÅ+Ůȴ 
! ! 50!
5-2. æƹ NTP ?Ɯ
Āç+ƪĕƤ¼žĹȔ® (Ŷɏàĸ+Ȕ®)  
  
rXQlE)ĕATP &æƹcLGZ`ɂ (NTP) ?ÑƤ¼ƆĐ?
ǿ" (Fig. 5-4) ɁǐQlE~V&$ Ppy ?Ɯ
þȢNTPMg+Čû% 30 ƶ
ɉƤ¼ƆĐ?ǿ"Ƥ¼Īħ+ňƷ?)ƴ (Fig. 5-5) ĈƐ+Ƥ¼àĸ%	;

























 ATP dATP GTP CTP UTP dTTP 
Ƥ¼ŷžĹ 1 0.1 0.01 0.005 X X 








































Fig. 5-5   NTP ?Ɯ
ŶɏƤ¼žĹ (ATP & dATP, GTP, CTP, UTP, dTTP ?Ɯ
$r


















5-3. æƹ NTP ?Ɯ
Āç+Ƥ¼SqL_ (Ŷɏàĸ+Ȕ®)  
 
 Ƥ¼Ƴȗ% dATP, GTP, CTP )#
$Ƥ¼Żɇ+ƆĐ?ǿ" 
þȢɁǐ PpycLGZ`ɂuMdQDwCGČû% 180 ƶȳō


















dATP +Āçą, ATP +Āç&èů+Ƥ¼Żɇ?ƴĈƐ+Ƥ¼Ǎ%	; ATP ?Ñ
Āç+Ƥ¼Żɇ& GTPCTP ?ÑĀç+Ƥ¼Żɇ,Ŵ'èǃ%	" 





















Żɇ (nm)  


























GZ`ɂ (NMP) & D-QlE?àĸĲHPLC)8:Åɒǋȅ?ǿ






















































































 rXQlE 1 &æƹrXQlEcLGZ`+Ƥ¼žĹȔ®?ǿ" 
(Fig. 5-7) þȢɁǐQlE~V&$ Ppy ?Ɯ
30 ƶɉƤ¼ƆĐ?ǿ"æ



























 AMP ×¥ 4 dAMP ×¥ 41 GMP ×¥ 42 CMP×¥43 UMP ×¥ 44 dTMP ×¥ 45 




3 dTMP ×¥ 45 ?ɍ

$ɦ
Ƥ¼žĹ?ƴ (Table 5-2) Ŷɏàĸ%,Ƥ¼("āþDR 














































Fig. 5-8   NMP ×¥?Ɯ
ŶɏƤ¼àĸ+Ƥ¼ǔŔĄ× (AMP ×¥ 4 &
dAMP ×¥ 41, GMP ×¥ 42, CMP ×¥ 43, UMP ×¥ 44, dTMP ×¥ 45 ?Ɂǐ
QlE~V?Ɯ
$Ƥ¼Āç+ 30 ƶɉ+Ƥ¼ǔŔĄ×?ƴ) 
Table 5-2   NMP ×¥?Ɯ
ŶɏƤ¼àĸ+Ƥ¼ŷžĹ (AMP ×¥ 4 +Ƥ¼Ī




5-2. (p. 48) %ǿ"æƹ NTP ?Ɯ
































(NTP, N = Base)   
Ŷɏàĸ 
(NMP, N = Base)  
A 1 1000 
dA 0.1 100 
G 0.01 100 
C 0.005 200 
U X 50 




















































Table 5-3   æƹcLGZ`?Ɯ
ŶɏŶɏƤ¼àĸ+Ƥ¼žĹ+ŷȪ 



















































































































































































Table 5-4   āþȾ£?ř(
QlEcLGZ`+Ƥ¼ŷžĹ 












çľrXQlE (1) &QlEsS×¥ 46QlEMO
S×¥ 47 )#




























































Fig. 5-11 rXQlE (1) &āþȾ£?ř(
QlEcL




























































































400# 450# 500# 550# 600# 650# 700# 750#
(nm)
49 50 51 
Żɇ! (nm) !































ĎĐ×QlEcLGZ` 25 ?Ēƅ%ɗǡŒ) )Ƥ¼Īħ+ƆĐ?ǿ




























































































M+ɈƤ?ǿ" (Fig. 5-15) ŮȴĎĐĹ?ɦ5;5)QlEcLGZ`
+ɂFS]Ⱦ£¤ĎĐĹ+Ýö%	;&ǣ+ȾÅ? Fig. 5-15)ƴ8(
Ůȴ)ĄŊQlEcLGZ` 50 ?çľQlEcLGZ` 50





























































???? ???????? ????? 
Fig. 5-14 QlEcLGZ`AaM+ŮȴžĹƪɊ  




















































Ā 6þ ćğ 
 
 Èõû#_ģREZèäíw±!ļ2/õû3ĕylï!#ÆÓï
 5O\^F-"Z=N8Y]5J\<"µin vitro ß²Ğpíw±"ĜË
ql[PZ" in vivo6V^>]<"²ĐĞp3ĕ 
 



























           
  




















ÝĹĻ"Ð|´¦# 600 nmÅ*ŇīĥíwZ=N8Y] (λmax = 675 nm) #

, 30%ù¦Ð|´¦k /'héZ=N8X^B luc+# D-Z=N8Y
]!Åĳ0ĵĄ/'.īĥíwZ=N8Y]!ÅĳÐ|ėċ+
Z=N8X^B3ĺí/Ä /ŇĪ¦(´¦)Ç«/ľ!0'








 (Fig. 6-2) _×ñ" AMP±"Ĥåê²ØĩĶĄ±!
/













ÑĮ!»/f0*ĜÛ (5-10., 5-11.) '.Ň²íw±dĻl"Ï
ĶĴ}"ÑĮ3éĭ!2Ò!»Ùá²"ic+íwĤ"Ň
ÓĐ íwĤ"ÓĐÉ¿!Ċ/f|Ê/ćÌ/č	-0/ (Fig. 6-3)  
 
 

















































































































Fig. 6-2 Z=N8Y]K;[9FI"ÑĮß²òļ 
Fig. 6-3 Ň²Z=N8Y]K;[9FI"íw?Q;HZ 
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ăģĶůĉØŜƗ pH ƟǏů UNIV /ņ	ıÅ 
   
ƐĸıÅ (m.p.)  
Yamamoto ŜƗ model MP-2 /ņ	ıÅıÅ"þƖĔ- 
 
ƣ½®§D`;Po (IR)  
¸ºƗåŜƗ FT-730 [tn5¼ìƣ½Öƛ/ņ	ƾĠ (KBr) ĳ
ĪĠ (CHCl3CH3OH)  *,ıÅ/ƒıÅ"ġó (cm-1) Ɯƪ
ÓÔ	®§ " br Ɯ 
 
1H ĊŚĚǒD`;Po (1H NMR)  
øÿǊÂŜƗ Lambda-270 ¶ƕż (270 MHz) /ņ	ıÅ 
        “1H NMR (ıÅ¯ġóǘıÅĳÁ)  
     δ=e7oB[P (ěű!ó, ¾ƼÖ, DZrŶ«Åó) ” 
Ɯƪ=e7oB[P (δ) "NPmgLoBmr (δ = 0) /Ʒ·Ĳ
ppm ƔƜ¾ƼÖ"s (¡uŸ) d (ƼŸ) t (vƼŸ) q (²Ƽ
Ÿ) m (¾ƼŸ-	"ƘǇ ƼB<Ro) ƔśÓÔ	B<Ro
 	" br ƜDZrŶ«Åó (J) " Hz Ɯƪ 
 
13C ĊŚĚǒD`;Po (13C NMR)  
øÿǊÂŜƗ Lambda-270 ¶ƕż (67.8 MHz) /ņ	ıÅ 
   “13C NMR (ıÅ¯ġóǘıÅĳÁ) δ=e7oB[P (¾ƼÖ) ” 
Ɯƪ=e7oB[P (δ) "NPmgLoBmr (δ= 0) /Ʒ·Ĳ
ppm ƔƜ¾ƼÖ"s (¡uŸ) d (ƼŸ) t (vƼŸ) q (²Ƽ
Ÿ) Ɣś 
! 66!
ƢƽD`;Po (MS)  
  øÿǊÂŜƗ JMS-600H ¶Ƽ§Ā¶ƢƽĄƛ/ņ	ǊÂƓîĠ (EI26r 
  5Uo:tǞ70 eV)  *,ıÅ 
  øÿǊÂŜƗ JMS-T100LC ¶ TOF ¶ƢƽĄƛ AccuTOF /ņ	5p;PqrD 
  ]pt26rĠ (ESI)  *,ıÅ 
   ƕż!ƝÅ"ƂĳÁ8D 250 ℃6n[1DǚİÖ 80 ℃StQoǊµ 2000  
     Vnr<prEǊµ 10 V6n[1DǚǊµ 85 V6n[1DǛǊµ 5 V   
    Ar]oƮĪ"2r[jtCkrĠƒ	ĦƱ 50 µl/min  




ĄņƌÍ;qdP<m[1t (TLC)  
E.Merck ŜƗ! TLC ]ptPBn7>o 60F254 (Art.5715) £ 0.25 mm /ņ
	TLC w!«ľ!Č" UV ĺÊ (254 nm -	" 365 nm) *#Ōƈ
 ĩÛ ĻŌƈ- *ƒŌƈ" p-0S
D0oOYQ (9.3 ml) Ƹƺ (3.8 ml) /5JVto (340 ml)  ĳƚĵřƺ 
(12.5 ml) /Ĭ(!/ņ	 
     
¨ņƌÍ;qdP<m[1t (PTLC)  
E.Merck ŜƗ! TLC ]ptPBn7>o 60F254 (Art.5744) £ 0.5 mm /ņ	
--	" E.Merck ŜƗ!ƌÍ;qdP<m[1tņBn7>o 60GF254 

















ǑƱĪ;qdP<m[1t (HPLC)  
  Agilent ŜƗ! 1100 BntE/ņ	ČƷ" DAD (®ÖČ) FLD (Ə
Č 
    ) /ņ	 
    Ą ņ	7mf"ǂăÄŜƗ Mightysil RP-18GP Aqua (ŪÂŵ 5 µmƿ 
    250 mmÚ 4.6 mm) ÄŮÖČÅ "K2FoÄÎčŜƗ Chiralcel OD-RH 
    OZ-RH (ŪÂŵ 5 µmƿ 150 mmÚ 4.6 mm) /ņ	 
    Ąā"	.(ĦƱ 0.5 ml/minCH3CN0.05%TFA ěĳĪ!ī«ĳÁŬ 
    !ęŀ" CH3CN: 0.05%TFA ěĳĪ = 10: 90 → 90: 10 ! 30 ǁ!nS0< 
    mC5rPƒ 
 
Ī;qdP<m[ƢƽĄƛ (LC/MS)  
    Ath[1MBitA25rN1[1M;ŜƗ26rPmM]¶ƢƽĄƛ LCQ-  
    Fleet /ņ	5p;PqD]pt26rĠ (ESI)  *,ıÅ 
    Ą ņ	7mf"Ath-[1MBitŜƗ Hypersil GOLD (ŪÂŵ 3 µmƿ
 10 cmÚ 2.1 mm) /ņ	 
    Ąā"	.(ĦƱ 0.3 ml/minCH3CN0.05%TFA ěĳĪ!ī«ĳÁŬ 
    !ęŀ" CH3CN: 0.05%TFA ěĳĪ = 10: 90 → 90: 10 ! 30 ǁ!nS0 







ĳĪ!ĮµĵŻ"0DZptJt!Įµx (20ǡ30 mmHg) qtJnt5Wcpt
Jt/ņ	ƒŊƦƽ!ĳÁ!ǃ¤"ĪŤűĨ¢PmM]/ƕŖ
























t\D (4A) /ņ	}ļņ 
  
 NMR ıÅņĳÁ 
x ś(!/!$$ņ	 
CDCl3ǞISOTEC Inc.Ɨ 99.7 ATOM%D0.03% TMS 

































200   
       16                       17                                                     
 
 
2-B0V-6-gP9B_rIL0Ito (16) (51.4 mg, 0.271 mmol)  ZnCr»ƺ» 
(2.32 g) /0o@rǉ³Ěx 200 ℃ ĻZnCr»ƺ»/Ɛƚ 30 ǁ
ðè¦àī«ľ/òÛ1 M »ƺ (50 ml) /Ƹƺ5Lo (3×50 ml) 
çýĒÍ/ĹěřƺRPn3f}ļÛĮµĵŻÝ+.ĕį/¨ƌÍ
Bn7>o7mf;qdP<m[1tǟ20 cm×20 cm×1.75 mm×1 ą; ^9ArǙƸƺ5L
o (1: 1) Ǡ ūƗ2-B0V-6-YQq9B_rIL0Ito (17) (47.2 mg, 99%) /
ƌǔƈ´Ý 
 
2-B0V-6-YQq9B_rIL0Ito (17)  
mp 155-170 ℃ decomp. 
1H NMR (270 MHz, CD3OD)  
δ7.17 (1H, dd, J = 2.7, 9.2 Hz) , 7.41 (1H, d, J = 2.7 Hz) , 7.99 (1H, d, J = 9.2 Hz)  
13C NMR (67.8 MHz, CD3OD)  
δ107.00 (d) , 114.29 (s) , 119.63 (d) , 126.58 (d) , 133.90 (s) , 139.00 (s) , 147.28 
(s) , 160.33 (s)  
MS (EI) m/z 176 (M+, 100) , 124 (5)  
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     17                                                    1 
 
 
2-B0V-6-YQq9B_rIL0Ito 17 (47.2 mg, 0.268 mmol) D – BDN2r»
ƺ»uě°ľ (46.9 mg, 0.298 mmol) /gJVto: Ɗŉě (2: 1, 15 ml)  ĳƚ0o
@rǉ³Ěxķƺ7n3f (39.8 mg, 0.288 mmol) /Çİ 40 ǁðè¦
àī«ľ 1 M »ƺ (0.7 ml) /ƺá ÛgJVto/ĮµxĵŻÝ+.




mp 180-187 ℃ decomp. 
IR (KBr ƾĠ) 3346, 1701 cm-1 
1H NMR (270 MHz, DMSO)  
δ3. 56 (1H, dd, J = 8.1, 11 Hz) , 3. 62 (1H, dd, J = 9.5, 11 Hz) , 5.28 (1H, dd, J = 
8.1, 9.5 Hz) , 6.94 (1H, dd, J = 2.7, 8.9 Hz) , 7.33 (1H, d, J = 2.7 Hz) , 7.84 (1H, d, J 
= 8.9 Hz) , 10.2 (1H, brs, OH)  

























1) Accufluor, (CH2Cl)2, 95oC
2) Ac2O, pyr., CH2Cl2
F  
       17                      19a                                                     
 
 
2-B0V-6-YQq9B_rIL0Ito 17 (100 mg, 0.56 mmol) /C;qq5Jr (5 
ml)  ĳƚ0o@rǉ³Ěx1-[o6qZnCS3fPn[o6qgJrDoaRt
P (169 mg, 0.68 mmol) /Çİ 78 ùǁðè¦àī«ľ/¢Ûě (30 ml) 
/Ƹƺ5Lo (3×50 ml) çýĒÍ/ĹěřƺRPn3f}ļÛĮµĵ
ŻÝ+.ĕį"ǈ-ē!¦à ņ	 
ĕį/C;qqgJr (3 ml)  ĳƚ0o@rǉ³ĚxZnCr (90 ml, 1.12 mmol) 
ĹěƸƺ (105 ml, 1.12 mmol) /Çİ 4 ùǁðè¦àī«ľ/ĮµĵŻ
Ý+.ĕį/¨ƌÍBn7>o7mf;qdP<m[1tǟ20 cm×20 cm×1.75 
mm×1 ą; ^9ArǙƸƺ5Lo (1: 1) Ǡ ūƗ7-[o6q-2-B0V_rIL0I
to-6-0FNtP 19a (26 mg, ĖǄ§ŀ 22.6%) /ƌǔƈ´Ý 
 
7-[o6q-2-B0V_rIL0Ito-6-0FNtP 19a 
1H NMR (270 MHz, CD3OD)  




















F F  
19a                                                        11 
 
 
7-[o6q-2-B0V_rIL0Ito-6-0FNtP 19a (52 mg, 0.18 mmol) D – BDN
2r»ƺ»uě°ľ (62.5 mg, 0.36 mmol) /gJVto: Ɗŉě (2: 1, 9 ml)  ĳƚ
0o@rǉ³Ěxķƺ7n3f (49 mg, 0.36 mmol) /Çİ 1ùǁðè¦
àī«ľ 1 M»ƺ (1 ml) /ƺá ÛgJVto/ĮµxĵŻÝ+.




IR (KBrƾĠ) 3567,1731 cm-1 
1H NMR (270 MHz, CD3OD)  
δ 7.74 (1H, d, J = 8.9 Hz) , 7.19 (1H, dd, J = 8.6 Hz) , 5.39 (1H, t, J = 9.2 Hz) ,  
3.76 (1H, dd, J = 9.2 Hz)  
MS (EI) m/z 298 (M+s, 19%) , 253 (62%)  
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1) NCS, MeCN, r.t.
2) Ac2O, pyr., CH2Cl2
Cl  
       17                      19b                                                      
 
 
2-B0V-6-YQq9B_rIL0Ito 17 (100 mg, 0.56 mmol) /0FPSPno (6 
ml)  ĳƚ0o@rǉ³ĚxNCS (81 mg, 0.61 mmol) /Çİ 1 ùǁðè
¦àī«ľ ě (10 ml) /Ƹƺ5Lo (3×50 ml) çýĒÍ/Ĺěřƺ
RPn3f}ļÛĮµĵŻÝ+.ĕį"ǈ-ē!¦à ņ	 
ĕį/C;qqgJr (3 ml)  ĳƚ0o@rǉ³ĚxZnCr (90 ml, 1.12 mmol) 
ĹěƸƺ (105 ml, 1.12 mmol) /Çİ 4 ùǁðè¦àī«ľ/ĮµĵŻ
Ý+.ĕį/¨ƌÍBn7>o7mf;qdP<m[1tǟ20 cm×20 cm×1.75 
mm×1 ą; ^9ArǙƸƺ5Lo (1: 1) Ǡ ūƗ 7-;qq-2-B0V_rIL0It
o-6-0FNtP 19b (94.3 mg, 80%) /ƌǔƈ´Ý 
 
7-;qq-2-B0V_rIL0Ito-6-0FNtP 19b 
1H NMR (270 MHz, CD3OD)  
δ7.97 (1H, dd, J = 1.4, 9.5 Hz) , 7.30 (1H, dd, J = 1.6, 8.9 Hz) , 2.68 (1H, s)  
 
! 74!















Cl Cl  
    19b                                                   12 
 
 
7-;qq-2-B0V_rIL0Ito-6-0FNtP 19b (41.5 mg, 0.18 mmol) D – BDN
2r»ƺ»uě°ľ (61.5 mg, 0.35 mmol) /gJVto: Ɗŉě (2: 1, 6 ml)  ĳƚ
0o@rǉ³Ěxķƺ7n3f (50 mg, 0.35 mmol) /Çİ 90 ǁðè
¦àī«ľ 1 M »ƺ (1 ml) /ƺá ÛgJVto/ĮµxĵŻÝ+.




IR (KBr ƾĠ) 3565, 1733, 1716 cm-1 
1H NMR (270 MHz, CD3OD)  
δ 7.88 (1H, d, J = 8.9 Hz) , 7.07 (1H, dd, J = 8.9 Hz) , 5.40 (1H, t, J = 9.1 Hz) ,  
3.76 (1H, dd, J = 1.6, 9.1 Hz)  
MS (EI) m/z 314 (M+s, 23%) , 269 (100%) 
! 75!









1) NBS, MeCN, r.t.
2) Ac2O, pyr., CH2Cl2
Br  
       17                      19c                                                     
 
 
2-B0V-6-YQq9B_rIL0Ito 17 (100 mg, 0.56 mmol) /0FPSPno (5 
ml)  ĳƚ0o@rǉ³ĚxNBS (108 mg, 0.61 mmol) /Çİ 2 ùǁðè
¦àī«ľ ě (30 ml) /Ƹƺ5Lo (3×50 ml) çýĒÍ/Ĺěř
ƺRPn3f}ļÛĮµĵŻÝ+.ĕį"ǈ-ē!¦à ņ	
 
ĕį/C;qqgJr (3 ml)  ĳƚ0o@rǉ³ĚxZnCr (90 ml, 1.12 mmol) 
ĹěƸƺ (105 ml, 1.12 mmol) /Çİ 4 ùǁðè¦àī«ľ/ĮµĵŻ
Ý+.ĕį/¨ƌÍBn7>o7mf;qdP<m[1tǟ20 cm×20 cm×1.75 
mm×1 ą; ^9ArǙƸƺ5Lo (1: 1) Ǡ ūƗ7-\qh-2-B0V_rIL0It
o-6-0FNtP 19c (127 mg, ĖǄ§ŀ 76%) /ƌǔƈ´Ý 
 
7-\qh-2-B0V_rIL0Ito-6-0FNtP 19c 
1H NMR (270 MHz, CD3OD)  
δ 8.00 (1H, dd, J = 1.6, 9.2 Hz) , 7.41 (1H, dd, J = 1.4, 8.9 Hz) , 2.68 (1H, s)  
! 76!




          19c                            13 
 
 
7-\qh-2-B0V_rIL0Ito-6-0FNtP 19c (52 mg, 0.18 mmol) D – BDN2
r»ƺ»uě°ľ (62.5 mg, 0.36 mmol) /gJVto: Ɗŉě (2: 1, 9 ml)  ĳƚ0
o@rǉ³Ěxķƺ7n3f (49 mg, 0.36 mmol) /Çİ 1 ùǁðè¦à
ī«ľ 1 M »ƺ (1 ml) /ƺá ÛgJVto/ĮµxĵŻÝ+.´




IR (KBr ƾĠ) 3565, 1733, 1716 cm-1 
1H NMR (270 MHz, DMSO)  
δ 7.89 (1H, d, J = 8.9 Hz) , 7.17 (1H, dd, J = 8.9 Hz) , 5.40 (1H, t, J = 9.2 Hz) ,  
3.77 (1H, dd, J = 0.8, 9.2 Hz)  





























     17                         18d                                                     
 
 
2-B0V-6-YQq9B_rIL0Ito 17 (100 mg, 0.56 mmol) /0FPSPno (6 
ml)  ĳƚ0o@rǉ³ĚxNIS (141 mg, 0.61 mmol) /Çİ 3 ùǁðè
¦àī«ľ ě (6 ml) /Ƹƺ5Lo (3×30 ml) çýĒÍ/Ĺěřƺ
RPn3f}ļÛĮµĵŻÝ+.ĕį/¨ƌÍBn7>o7mf;qdP
<m[1tǟ20 cm×20 cm×1.75 mm×1 ą; ^9ArǙƸƺ5Lo (1: 1) Ǡ ūƗ2-




1H NMR (270 MHz, CD3OD)  

















I I  
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2-B0V-7-ltQ-6-YQq9B_rIL0Ito 18d (45.7 mg, 0.15 mmol) D – BD
N2r»ƺ»uě°ľ (33.5 mg, 0.19 mmol) /gJVto: Ɗŉě (2: 1, 10 ml)  ĳƚ
0o@rǉ³Ěxķƺ7n3f (28.3 mg, 0.18 mmol) /Çİ 1ùǁðè
¦àī«ľ 1 M»ƺ (1 ml) /ƺá ÛgJVto/ĮµxĵŻÝ




IR (KBrƾĠ) 3546, 1716 cm-1 
1H NMR (270 MHz, CD3OD)  
δ 7.86 (1H, d, J = 8.9 Hz) , 7.20 (1H, d, J = 8.9 Hz) , 5.40 (1H, t, J = 8.6 Hz) ,  
3.77 (1H, dd, J = 8.6 Hz)  








oB[4nr (1, 32.8 mg, 0.117 mmol, 1.0 eq.) !NPmYQq[mrĳĪ (6 ml, 30 mM) 
 ĜĨw 2.0 M PngLoBnoC0IgJr C5Lo5tNoĳĪ (0.3 ml, 0.6 
mmol, 5.0 eq.) /1 ùǁðè¦àī«ľ Ƹƺ (0.5 ml) /û 5 ǁð
èÛĮµĵŻÝ+.ĕį/¨ƌÍ;qdP<m[1tǟ20 cm×20 cm×0.5 mm
2 ą; ;qqaofǙƸƺ5Lo (1: 1) Ǡ ūƗoB[4nrgLo5DNo (54.1 
mg, 66%) /Ĺƈ´Ý 
aJooB[4nrgLo5DNo 27 
mp 214 ℃- decomp. 
1H NMR (270 MHz, CD3OD)  
δ 3.74 (1H, d, J = 9.2 Hz) , 3.75 (1H, d, J = 9.2 Hz) , 3.83 (3H, s) , 5.41 (1H, t, J = 
9.2 Hz) , 7.06 (1H, dd, J = 2.3, 8.9 Hz) , 7.33 (1H, d, J = 2.3 Hz) , 7.89 (1H, d, J = 
8.9 Hz)  
13C NMR (67.8MHz, CD3OD)  
δ 35.68 (t) , 53.23 (q) , 79.33 (d) , 107.33 (d) , 118.24 (d) , 125.94 (d) , 139.11 (s) , 
148.11 (s) , 158.29 (s) , 159.09 (s) , 168.02 (s) , 172.20 (s)  
MS (EI) m/z 294 (M+s, 19%) , 235 (100%)  
 (R = F)  7-[o6q-aJooB[4nrgLo5DNo 28 (50ǖ)  
1H NMR (270 MHz, CD3OD)  
δ 3.77 (1H, d, J = 8.9 Hz) , 3.83 (3H, s) , 5.43 (1H, t, J = 8.9 Hz) , 7.21 (1H, t, J = 
8.3 Hz) , 7.75 (1H, d, J = 8.3 Hz)  
 (R = Cl)  7-;qq-aJooB[4nrgLo5DNo 29 (63ǖ)  
1H NMR (270 MHz, CD3OD)  
δ 3.77 (1H, dd, J = 1.6, 8.9 Hz) , 3.83 (3H, s) , 5.43 (1H, t, J = 8.9 Hz) , 7.18 (1H, d, 
J = 8.9 Hz) , 7.85 (1H, d, J = 8.9 Hz)  
 (R = Br)  7-\qh-aJooB[4nrgLo5DNo 30 (50%)  
1H NMR (270 MHz, CD3OD)  
δ 3.77 (1H, dd, J = 1.3, 9.2 Hz) , 3.83 (3H, s) , 5.43 (1H, t, J = 9.2 Hz) , 7.16 (1H, d, 
J = 8.9 Hz) , 7.89 (1H, d, J = 8.9 Hz)  
 (R = I)  7-ltQ-aJooB[4nrgLo5DNo 31 (43%)  
1H NMR (270MHz, CD3OD)  
δ 3.77 (1H, dd, J = 1.1, 9.2 Hz) , 3.84 (3H, s) , 5.43 (1H, t, J = 9.2 Hz) , 7.07 (1H, d, 












COOH 2.0 M TMSCHN2 in Et2O
THF
0 
R R R= H, F, Cl, Br, I
! 80!


























          1                                             4                                                                                        
 
 
aJooB[4nr 1 (1 mg, 3.56 µmol) ! DMSO ĳĪ (0.5 ml)  Çİ AMP (10 mg, 
28.9 µmol)  DCC (10 mg) /uùǁðè¦àī«ľ Ɗŉ0FPr/ 1.5 
mg ƶßǈ (5 min, 10000 rpm) /ƒÝ+.ğėľ/ 0.75 ml ! 0.05%TFA
ěĳƚ!ÛǑƱĪ;qdP<m[1t *,oB[4nr AMP  4 !ǈ
ūƗ/ƒ¨őōľ/ƶßĵŻĒĵŻőōľěĳĪ/Ýőōľ!ĵ
Ö" UV330 !®Ö*,ĝ' 
 
oB[4nr AMP  4 
MS (ESI)  [M+H]+ ; m/z 610 










































                    Base= T, C, U                                                                   
 
aJooB[4nr 1 (1 mg, 3.56 µmol) ! DMF ĳĪ (0.5 ml)  Çİ NMP (10 mg) 
DCC (10 mg) H2O uĴ/uùǁðè¦àī«ľ Ɗŉ0FPr/ 1.5 ml
ƶßǈ (5 min, 10000 rpm) /ƒÝ+.ğėľ/ 0.75 ml ! 0.05%TFA ě
ĳƚ!ÛǑƱĪ;qdP<m[1t (HPLC)  *,őōľ!ǈūƗ/ƒ
¨őōľ/ƶßĵŻĒĵŻőōľěĳĪ/Ýőōľ!ĵÖ" UV330 !®
Ö*,ĝ' 






oB[4nr GMP  42  
MS (ESI)  [M+H]+ ; m/z 626 
HPLC (UV330) éùǁ; 3.74 min 
 
oB[4nr CMP  43   
MS (ESI)  [M+H]+ ; m/z 586 
HPLC (UV330) éùǁ; 4.13 min 
 
oB[4nr UMP  44 
MS (ESI)  [M+H]+ ; m/z 587 















































          Base= A, T                                                                                 
 
aJooB[4nr 1 (1 mg, 3.56 µmol) ! DMF ĳĪ (0.5 ml)  Çİ dNMP (10 mg) 
DCC (10 mg) H2O uĴ/uùǁðè¦àī«ľ Ɗŉ0FPr/ 1.5ml
ƶßǈ (5 min, 10000 rpm) /ƒÝ+.ğėľ/ 0.75 ml ! 0.05%TFA ě










oB[4nr dAMP  41                
MS (ESI) [M+H]+ ; m/z 594 
HPLC (UV330) éùǁ; 3.78 min 
 
oB[4nr dTMP  45 
MS (ESI) [M+H]+ ; m/z 585 
























oB[4nrnbtD 46 !«äĠ 
 
         
          1                                                 46                                                                                        
 
aJooB[4nr 1 (1 mg, 3.56 µmol) !DMFĳĪ (0.5 ml)  ÇİnbtD-5-nrƺ 
(10 mg, 43.3 µmol)  DCC (10 mg) H2O uĴ/uùǁðè¦àī«ľ Ɗ
ŉ0FPr/ 1.5 ml ƶßǈ (5 min, 10000 rpm) /ƒÝ+.ğėľ/
0.75 ml ! 0.05%TFA ěĳƚ!ÛǑƱĪ;qdP<m[1t (HPLC)  *,ő
ōľ!ǈūƗ/ƒ¨őōľ/ƶßĵŻĒĵŻőōľěĳĪ/Ý
őōľ!ĵÖ" UV330 !®Ö*,ĝ' 
 
oB[4nrnbtD 46 
MS (ESI) [M+H]+ ; m/z 495 




































































     1                           47                                                             
 
aJooB[4nr (1 mg, 3.56 µmol) ! DMF ĳĪ (0.5 ml)  Çİ<o?tD-6-nr
ƺ (10 mg, 38.4 µmol)  DCC (10 mg) H2O uĴ/uùǁðè¦àī«ľ
 Ɗŉ0FPr/ 1.5 ml ƶßǈ (5 min, 10000 rpm) /ƒÝ+.ğėľ
/ 0.75 ml ! 0.05%TFA ěĳƚ!ÛǑƱĪ;qdP<m[1t (HPLC)  *,
őōľ!ǈūƗ/ƒ¨őōľ/ƶßĵŻĒĵŻőōľěĳĪ/Ý
őōľ!ĵÖ" UV330 !®Ö*,ĝ' 
 
oB[4nr<o?tD 47 
MS (ESI) [M+H]+ ; m/z 523 

















































     1                           48                                                             
 
aJooB[4nr (1 mg, 3.56 µmol) ! DMF ĳĪ (0.5 ml)  Çİ 3’-AMP (10 mg, 
28.9 µmol)  DCC (10 mg) H2O uĴ/uùǁðè¦àī«ľ Ɗŉ0
FPr/ 1.5 ml ƶßǈ (5 min, 10000 rpm) /ƒÝ+.ğėľ/ 0.75 ml
! 0.05%TFA ěĳƚ!ÛǑƱĪ;qdP<m[1t (HPLC)  *,őōľ!
ǈūƗ/ƒ¨őōľ/ƶßĵŻĒĵŻőōľěĳĪ/Ýőōľ!
ĵÖ" UV330 !®Ö*,ĝ' 
 
oB[4nr 3’-AMP  48 
MS (ESI) [M+H]+ ; m/z 610 



























           1                           49    
 
 
aJooB[4nr (1 mg, 3.56 µmol) ! DMF ĳĪ (0.5 ml)  Çİ adenosine 
phosphoramidate (10 mg, 28.9 µmol) DCC (10 mg) H2OuĴ/uùǁðè
¦àī«ľ Ɗŉ0FPr/ 1.5 ml ƶßǈ (5 min, 10000 rpm) /ƒÝ+
.ğėľ/ 0.75 ml ! 0.05%TFA ěĳƚ!ÛǑƱĪ;qdP<m[1t 
(HPLC)  *,őōľ!ǈūƗ/ƒ¨őōľ/ƶßĵŻĒĵŻőō
ľěĳĪ/Ýőōľ!ĵÖ" UV330 !®Ö*,ĝ' 
 
oB[4nr-N-AMP  49 
HRMS (ESI) m/z ; Calcd. for C21H22N8O8S2 [M+H]+: 609.07341, found: 609.0739   




































































, DCC, DMSO, r.t.
 
         23                                             50 
 
ǋƈoB[4nr0Rq<23 (1 mg, 3.56 µmol) !DMFĳĪ (0.5 ml)  Çİadenosine 
phosphoramidate (10 mg, 28.9 µmol) DCC (10 mg) H2OuĴ/uùǁðè
¦àī«ľ Ɗŉ0FPr/ 1.5mlƶßǈ (5 min, 10000 rpm) /ƒÝ+





MS (ESI) [M+H]+ ; m/z 579 



























           25                                          51 
 
ƣƈoB[4nr0Rq< (1 mg, 3.56 µmol) ! DMFĳĪ (0.5 ml)  Çİ adenosine 
phosphoramidate (10 mg, 28.9 µmol) DCC (10 mg) H2OuĴ/uùǁðè
¦àī«ľ Ɗŉ0FPr/ 1.5mlƶßǈ (5 min, 10000 rpm) /ƒÝ+





MS (ESI) [M+H]+ ; m/z 631 





OH 1) adenosine phosphoramidate




















¸ºƗå F-23 ¶8mDǊĎØěű26rĵÖêśƛ/ņ	ıÅ 
 
Ų½©ƙ®§D`;Po 
Varian ŜƗ cary50 /ņ	ıÅņFo" UV ıÅņŗƉFoƧƿ
" 1.0 cm -ƤćƱÖ" 600 nm/minOtJ¨Ƭǁǅ" 1 nm ,Foa
oKt " 25 ℃!âİě/ÞŃâİĐ "ŐĈ¹ŜƗ İâİě
Đ LTB-125 /ņ	ıÅ 
 
ŌÂƽıÅ 




ATTO ĉØŜƗ AB-1850 oe[oD`;Pq9i]Lit/ņ	ıÅ
ıÅD`;Po"Č±!Ŀá/ƖĔD`;Po- 
   
  ƄŋhOod3D/ņ	Ō2gtCr<ň!ï 
    Xt9r5odtŜƗ! IVIS Spectrum CT /ņ	ƄŋhOod3D/ņ	  


















  ƥŮě 
   MILLIPORE Ɨ Milli-RX12α+ëě(!/ņ 
 
  gJVtot-\JVto 
   ǂăÄĉØŜƗ!ĿŰĳÁ/ņ	 
 
  oB[4mtG ( ũŅaJo Photinus pyralis ŇĂ)  
   Promega ŜƗ!Ŵì¶oB[4mtG QuantiLum /ņ	 
 
  0OVBrvnrƺd<UB3f (ATP-Mg)  
   R7m2ND;ĉØŜƗ!(!/ņ	 
 
  0OVBrvnrƺRPn3f (ATP-2Na)  
   ăäÎčĉØŜƗ!(!/ņ	 
 
  <0VBrvnrƺRPn3f (GTP-2Na)  
   SIGMA ŜƗ!(!/ņ	 
 
  BLCrvnrƺRPn3f (CTP-2Na)  
   SIGMA ŜƗ!(!/ņ	 
 
  O69BLeCrvnrƺRPn3f (dTTP-2Na)  
   SIGMA ŜƗ!(!/ņ	 
   
  3nCrvnrƺRPn3f (UTP-2Na)  
   SIGMA ŜƗ!(!/ņ	 
 
  O69B0OVBrvnrƺRPn3f (dATP-2Na)  
   SIGMA ŜƗ!(!/ņ	 
 
  0OVBrunrƺ (AMP)  
   SIGMA ŜƗ!(!/ņ	 
 
  <0VBrunrƺ (GMP)  
   SIGMA ŜƗ!(!/ņ	 
 
  BLCrunrƺ (CMP)  
   SIGMA ŜƗ!(!/ņ	 
 
  O69BLeCrunrƺ (dTMP)  
   SIGMA ŜƗ!(!/ņ	 
! 91!
  3nCrunrƺ (UMP)  
   SIGMA ŜƗ!(!/ņ	 
 
  nbtD-5-nrƺ 
   MP Biomedicals ŜƗ!(!/ņ	 
 
  <o?tD-6-nrƺ 
   6n5rJoƹĘŜƗ!(!/ņ	 
 
  CB;q^9Bo7obC2eQ (DCC)  
   SIGMA ŜƗ!(!/ņ	 
 
  1-5Lo-3- (3-CgLo0eV]qZo) 7obC2eQ»ƺ» (EDC)  
   ăäĉØŜ!(!/ņ	 
 
  nrƺŹƓĪ 
   °ŮƍÎčĉØŜƗ!nrƺěű 7n3fs12 ě°ľ (ĿŰ) nrƺě
ű7n3fsě°ľ (ĿŰ) /ƥŮě ĳƚpH /ƠŨņ	 
 
  7n3f t-\P9BQ 
   ăäÎčĉØŜƗ!(!/ņ	 
 
  Ɗŉě 
   ǂăÄĉØŜƗ!ǑƱĪ;qdP<m[1tņĳÁ/ņ	 
 
  0FPSPno 
   ǂăÄĉØŜƗ!ǑƱĪ;qdP<m[1tņĳÁ/ņ	 
 
  Pn[o6qƸƺ (TFA)  
   °ŮƍÎčĉØŜƗ!(! (ĿŰ) /ņ	 
řƺd<UB3f 
   ǂăÄĉØŜƗ!(! (uŰ) /ņ	 
 
  <nFnr 
   °ŮƍÎčĉØŜƗ!(! (ĿŰ) /ņ	 
 
  3dÃƑĪ 









  ·ƢĳĪ 
   ·Ƣ/ǊÂÀŞŞƽÑƻĳÁńľŌ!ıÅ!º«"nrƺ7
n3fŹƓĪ (50 mM, pH 6.0) /ÄŌıÅ!º«" t-\JVto/ņ	 
 
  ƹűĳĪ 
   oB[4mtG/ 1 mg/ml  -*
 10%!<nFqto/­& Tris-HCl ŹƓĪ 
(50 mM, pH 8) ÑƻË ./DPM;ĳĪ-80℃!Ƌ×
 Ã 
    ÆǏ!ǆ DPM;ĳĪ/ 35%!<nFqto/­&nrƺŹƓĪ (50 mM, pH 
8.0) Ñƻņ 
 
  0OVBrvnrƺd<UB3f0OVBrvnrƺRPn3fěĳĪ 
   ƥŮěÑƻņ 
 

























 (1) ńľŌD`;PoıÅ (2-4., 2-7.!ÆǏ)  
 
  2-4-1. ~ 3., 2-7-1. ~ 3. -oB[4nr (1) , oB[4nr0Rq< 2 ~ 15!ńľ
Ō 
  D`;PoıÅ (Ppy)  
PCRLjt\PnD»ƺŹƓĳĪ (0.5 MǘpH 9.0, 5 µl) ·ƢĳĪ (100 µM, 5 µl) 
ƹűĳĪ (1 mg/ml, 5 µl) /ī«ıÅƕż!wƷ+d2;qBnrC/ņ	
ATP-MgĳĪ (0.2 mM, 10 µl) /ĢATTOŜƗ AB-1850/ņ	 180ŝǁŌı
Å/ƒ 
 
 (2) ÄŌD`;PoıÅ (3-2.!ÆǏ)  
 
  3-2-1. ~ 3-2-3. -0Rq< 27 ~ 38!ÄŌD`;PoıÅ 
ŗƉFo·ƢĳĪ (2.5 mM, 200 µl) /.ıÅƕż!wƷ+d2;qBnrC
/ņ	»·ĳĪ (12.5 mM, 800 µl) /Ģ180ŝǁŌıÅ/ƒ 
 
 (3) ńhOo[1oJt!ä (4-1.!ÆǏ)  
 
4-1-2. ~ 4.ņ	ńhOo[1oJt!äöĠ 
DXtNo/ņ	Ðơ!ǍņǓƀŽ!erL È3dƑĪ/Ƽƽę 10%Ƈ
ī«./ 35 mm!`Pnŏ ÉńhOo[1oJtņ	 
 
   ńhOo[1oJt+!ưƵ!D`;PoıÅ (4-1-2.!ÆǏ)  
PCRLjt\nrƺ7n3fŹƓĳĪ (0.5 MǘpH 8.0, 20 µl) ·ƢĳĪ (100 µM, 
20 µl) ƹűĳĪ (1 mg/ml, 20 µl) /ī«ńhOo[1oJt!w ǌżıÅ
ƕż!wƷ+d2;qBnrC/ņ	 ATP-Mg ĳĪ (0.2 mM, 40 µl) /Ģ
ATTOŜƗ AB-1850/ņ	 180ŝǁŌıÅ/ƒ	!šŧ/ÙÖņ	 
 
   ńhOo[1oJt/ņ	ńưƵá!ƞ (4-1-3.!ÆǏ)  
PCRLjt\nrƺ7n3fŹƓĳĪ (0.5 MǘpH 8.0, 20 µl) ·ƢĳĪ (100 µM, 
20 µl) ƹűĳĪ (1 mg/ml, 20 µl) /ī«ńhOo[1oJt!w ǌżıÅ
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   ńhOo[1oJt+!ưƵ!ÙÖıÅ (4-1-4.!ÆǏ)  
PCRLjt\nrƺ7n3fŹƓĳĪ (0.5 MǘpH 8.0, 20 µl) ·ƢĳĪ (100 µM, 
20 µl) ƹűĳĪ (1 mg/ml, 20 µl) /ī«ńhOo[1oJt!w ǌżıÅ




 (4) in vivo2gtCr<ÆǏ (4-2.!ÆǏ)  
 
 4-2-1. -ŎxƄŋhOod3D/ņ	 in vivo2gtCr<ÆǏ (ŌD`;
PoıÅăÎč¿Ä ƭƎŘŢÇ Æ÷)  
aJooB[4mtG (Luc+) /âÒŌŁ-d3DǐŽƄųſ LM8 - LM8/Luc+
/TtQd3D (6ƴǕ) !ž|Ŏx 2.0 x 106 cellsşċÆǏ "şċ 11-13
øÛ!d3D/ņ	ƄŋA2E"<8 mmLM8/Fluc ! Luc+!ŌŁp_o"ųſ
,ǡ50 [photons/s]- 
!d3D È$ü ƭƣ½Ō0Rq< 12/ 500 µM100 µl/ƅƃæy
60ŝšŧ 1ùǁï6ùǁÛ¬u!d3D/ņ	aJooB[4nr (1) /
500 µM100 µl/ƅƃæy60ŝšŧ 1ùǁï 
IVIS Spectrum CT íƪ.	- 20 nm%![1oJ (500 ~ 840 nm) /ņ	Ƴ
ŷō ï-ÙÖ!ęŀ+ŌD`;Po/ıÅ 
 
 4-2-2. -ǐƨşhOod3D/ņ	2gtCr<ÆǏ (ăÎč¿Ä ƭƎ
ŘŢÇ Æ÷)  
4-2-1.ņ	d3DǐŽƄųſ LM8/Luc+/TtQd3D (8ƴǕ) !ÏßÇ 1.0 
x 105 cellsşċÆǏ "şċ 11-13øÛ!d3D/ņ	LM8/Luc+! Luc+!Ō
Łp_o"ųſ,ǡ50 [photons/s]- 
!d3D È$ü ƭƣ½Ō0Rq< 12/ 500 µM100 µl/ƅƃæy
60ŝšŧ 1ùǁï6ùǁÛ¬u!d3D/ņ	aJooB[4nr (1) /
500 µM100 µl/ƅƃæy60ŝšŧ 1ùǁï 
 
   d3D/ņ	·Ƣ!ã!ƞ (4-3.!ÆǏ)  
oB[4mtG!ŌŁ		d3D ÈaJooB[4nr (1) ƭƣ½Ō
0Rq< 12/ 500 µM100 µl..ƅƃæyæyÛ 1030 ŕÕǌƁ
*,ëƑƶßǈ (5min x 6000 rpm) Ƒĭ/Ý (ăÎč¿Ä ƭƎŘŢÇ 
Æ÷) Ý+. 20 µl!Ƒĭ È80 µl!gJVto/ðèÛ200 µl!ƥ




 (6) ªŠT;p6LQvnrƺ (NTP) /ņ	ńľŌÙÖ!ıÅ (5-2.!ÆǏ)  
 
5-2. -ªŠ NTP /ņ	º«!œÈŌĥáƞ 
NDPLjt\nrƺ7n3fŹƓĪ (0.5 MǘpH 8.0, 20 µl) aJooB[4n
r (1) ĳĪ (100 µM, 20 µl) MgSO4ĳĪ (0.4 mM, 20 µl) ªŠT;p6LQvnr
ƺRPn3f (NTP-Na, 0.4 mM, 20 µl) /ī«ıÅƕż!wƷ+d2;qBnr
C/ņ	ƹűoB[4mtG (Ppy) ĳĪ (0.01 mg/ml, 20 µl) /ĢATTO ŜƗ
AB-2270 /ņ	 30 ŝǁŌıÅ/ƒ 
 
 (7) ªŠT;p6LQvnrƺ (NTP) /ņ	ńľŌD`;PoıÅ (5-3.!ÆǏ)  
 
5-3. -ªŠ NTP /ņ	º«!ńľŌD`;PoıÅ 
PCR Ljt\nrƺ7n3fŹƓĪ (0.5 MǘpH 8.0, 5 µl) aJooB[4nr (1) 
ĳĪ (100 µM, 5 µl) MgSO4ĳĪ (0.4 mM, 5 µl) ªŠT;p6LQvnrƺRPn3
f (NTP-Na, 0.4 mM, 5 µl) /ī«ıÅƕż!wƷ+d2;qBnrC/ņ	ƹ
űoB[4mtG (Ppy) ĳĪ (0.01 mg/ml, 5 µl) /ĢATTO ŜƗ AB-1850 /ņ	
 180 ŝǁŌıÅ/ƒ 
 
 (8) ªŠoB[4nrT;p6LQ/ņ	ńľŌÙÖ!ıÅ (5-5., 5-8., 5-11 !ÆǏ)  
 
5-5., 5-8., 5-11. -ªŠoB[4nrT;p6LQ (41 ~ 51) /ņ	º«!ńľ
Ōĥáƞ 
 NDPLjt\nrƺ7n3fŹƓĪ (1.67 mMǘpH 8.0, 60 µl) aJooB[4
n 
  rT;p6LQ (41 ~ 51) ĳĪ (10 µM, 20 µl) /ī«ıÅƕż!wƷ+ 
  d2;qBnrC/ņ	ƹűoB[4mtG (Ppy) ĳĪ (0.001 mg/ml, 20 µl) /Ģ
 
  ATTO ŜƗ AB-2270 /ņ	 30 ŝǁŌıÅ/ƒ 
 
 (9) ªŠoB[4nrT;p6LQ/ņ	ńľŌD`;Po!ıÅ (5-7., 5-9., 5-10.
!ÆǏ)  
 
  5-7., 5-9., 5-10. -ªŠoB[4nrT;p6LQ (41 ~ 51) /ņ	º« 
  !ńľŌD`;PoıÅ 
 PCR Ljt\nrƺ7n3fŹƓĪ (1.67 mMǘpH 8.0, 15 µl) aJooB[4n 
  rT;p6LQ (41 ~ 51) ĳĪ (10 µM, 5 µl) /ī«ıÅƕż!wƷ+d2 
  ;qBnrC/ņ	ƹűoB[4mtG (Ppy) ĳĪ (0.01 mg/ml, 5 µl) /Ģ
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ATTO ŜƗ AB-2270 /ņ	 180 ŝǁŌıÅ/ƒ 
 
 (10) e75nDÅó (2-4-2.!ÆǏ)  
 
Fig. 6-1 !ď·Ƣ-ƹűǁ!¦à"Michaelis-Menten !ƱÖØ (1) y+.- 
 
Fig. 7-1 ƹű¦à 
!ù! v0"¦àƱÖ[S]0"·ƢĵÖVmax"ü¿¦àƱÖKm "e75nDÅó
- (1) Ø!zƫ!Ưó/-Lineweaver-Burk Ø (2) Ý+.- 
 
Vmax [S]0 
v0 = ―――――      (1)  
Km + [S]0 
 
 
ÜđƩ 1/[S]0 ÈźƩ v0/]qMP-ıÅ"ŒŸ {#źƩĽ = 
1/VmaxđƩĽ = Ǚ1/Km ,Vmax Km ĝ'+.- (Fig. 6-2) ÿŘŢ"
v0/ 30 ŝǁ!ńľŌƽ Km !ıÅ/ƒńľŌƽ!ıÅöĠ"ńľŌ
ĥá)ńľŌD`;Po¬ď- 
 
1     Km       1      1 
―― = ―― s ―― + ――    (2)  






























  Fig. 7-8  7-I-LH2 (14) ! Lineweaver-Burk ]qMP       Fig. 7-9  7-Allyl-LH2 (15) ! Lineweaver-Burk ]qMP 
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a b s t r a c t
Simple ﬁreﬂy luciferin analogs emitting blue, green, and red light were developed. The longest emission
maximum was observed at 675 nm, which belongs to the NIR biological window (650e900 nm), useful
for deep site bioimaging of living animals. The analogs showed a slow rise of emission intensity com-
pared with the rapid emission of natural luciferin. The light emission of the adenylated analogs was
strongly enhanced compared with those of analogs themselves.
! 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Fireﬂy luciferase is well known for its highly efﬁcient light
emission by catalyzing the oxidation of substrate D-luciferin (D-
LH2). The accepted catalytic mechanism of ﬁreﬂy bioluminescence
is shown in Fig.1.1e3 This enzymatic light emission process does not
require an external light source to ﬂuorescence, thereby an ex-
tremely high signal-to-noise ratio is provided by this process.
Because of its substrate speciﬁcity and high sensitivity, ﬁreﬂy lu-
ciferase and luciferin combination is widely used in the detection of
ATP, and biological studies, with luciferase as a reporter gene in cell
culture systems,4 and recently in noninvasive whole-body bio-
imaging.5 For the bioimaging technique, emissions of light with
various colors are useful. In particular, red, or more desirably, the
light around the 650e900 nm region termed the near-infrared
(NIR) biological window,6 is suitable for noninvasive whole-body
imaging. Since the light of the NIR window is not strongly absor-
bed by oxygenated hemoglobin and melanin in animal tissues, the
light is expected to be useful for deeper site imaging.
In addition to Lampyridae (ﬁreﬂy) luciferases, several different
isozymes are known to emit light in different colors using the same
Fig. 1. Proposed reaction catalyzed by ﬁreﬂy luciferase. In the ﬁrst step of the reaction, luciferase (Luc) catalyzes adenylation of D-LH2 with ATP in the presence of Mg2þ to generate
the intermediate luciferyleAMP (D-LH2eAMP) accompanied by pyrophosphate (ppi) (Eq. 1). Then the oxidative decarboxylation of the intermediate gives excited-state oxyluciferin,
which then releases visible light in the course of relaxation to the ground state (Eq. 2).
* Corresponding authors. Tel.: þ81 42 443 5484; fax: þ81 42 486 1966 (H.N.); tel.:
þ81 42 443 5493; fax: þ81 42 486 1966 (S.M.); e-mail addresses: maki@pc.uec.ac.jp
(S. Maki), niwa@pc.uec.ac.jp (H. Niwa).
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substrate D-LH2.7 Based on a bioengineering study, several mutant
luciferases emitting various colors were developed.8,9 Among var-
ious luciferases including their mutants, the shortest emission
maximum wavelength was 534 nm and the longest was 623 nm.7
Theoretical study of the light emitter oxyluciferin indicated an
expected emission range from natural D-LH2 to be 421e626 nm.10
This study suggested that a new substrate scaffold, other than the
natural luciferin chromophore, is required in order to obtain
a wider emission range and longer maximum emissionwavelength
with Lampyridae luciferases including their mutants.
After the structure of luciferinwas elucidated and synthesized in
the 1960s, some modiﬁed luciferin analogs, such as 60-amino-
luciferin,11 were synthesized and a few of them functioned as light-
emitting substrates.3 More recently, N-alkylated 60-aminoluciferins
were found to act as substrates12 and cyclic alkylaminoluciferinwas
reported to show red light emission (607 nm) by using the mutant
of Photuris pennsylvanica ﬁreﬂy luciferase (Ultra-Glo).13 Some
modiﬁed luciferins were newly developed for color change and
speciﬁc purposes.14e22 However, most synthetic bioluminescent
luciferin analogs consist of benzothiazole and 4-carboxythiazolin-
2-yl rings unchanged from natural luciferin, except for quinolyl-,
coumaryl-, naphthylluciferins,17,23a and very recently published23b
heterocyclic luciferin analogs.
In this study, we have substituted a benzothiazole moiety with
a simpliﬁed aromatic structure to investigate the effect of p con-
jugation to the emission wavelength (Fig. 2).
2. Results and discussion
2.1. Molecular design and synthesis of luciferin analogs
Because the scaffolds of these analogs are different from those of
existing substrates, we have used molecular modeling to predict
the interaction between intermediate species of one of the longest
analogs, 3b, and luciferase. Fig. 3 shows a plausible location of the
model compound oxy-3b and AMP at the active site of the
Photinus pyralis luciferase. The crystal structures used (PDB acces-
sion number 4G3623c and 2D1R32) were downloaded from the RSCB
protein data bank. Structural alignment, generation of electrostatic
surface potential and construction of the ﬁgure were carried out
using PyMOL (DeLano Scientiﬁc; http://www.pymol.org). The co-
ordinates of the DLSA-bound P. pyralis luciferase structure (chain B
of 3G36) superimposed closely on the oxyluciferin and AMP-bound
Luciola cruciata luciferase structure (2D1R), giving a root-mean-
square deviation of 1.1 !A based on 3227 atoms. The local mini-
mum conformation model of oxy-3b was obtained using Spartan
’04 (Wavefunction; http://www.wavefun.com) by HartreeeFock 3-
21G calculation. The 4,5-dihydro-4-oxothiazol-2-yl moiety in oxy-
3bwasmanually aligned onto both a 4,5-dihydro-4-oxothiazol-2-yl
ring of the oxyluciferin and a thiazole ring of DLSA. As shown in
Fig. 3, the extended E,E-form of oxy-3b ﬁtted into the narrow and
deep substrate-binding site. Several polar amino acid side chains
(Arg218, Ans229, Tyr255, Ser284, Glu311, and Arg337) faced the
bottom of the binding pocket and provided the rather negative
electrostatic surface expected in a cation-stabilizing environment.
Notably, the nitrogen atom of oxy-3b closely overlapped the water
molecule (Wat725) of the 4G36 crystal structure. This preliminary
evaluation indicated that it is structurally possible to locate the
designed analogs on the native luciferin binding site.
As a simple bioluminescence chromophore for luciferase sub-
strate, we chose a 4-hydroxyphenyl group as an aromatic part. This
part was connected to a 4-carboxythiazolin-2-yl ring directly (an-
alog 1a), or was connected through one (analog 2a) or two (analog
3a) double bonds to study the effect of p conjugation on the
emission wavelength (Fig. 2). A 4-(dimethylamino)phenyl group
was also selected as an aromatic part (1be3b) with an expectation
of a red shift of light emission, through the electron donating effect
of the alkylamino group. In addition, 6-hydroxynaphthalen-2-yl
analogs 1c23a and 2c were also anticipated as shifting emission
maxima toward red, because of longer p-conjugated systems than
that of the corresponding 4-hydroxyphenyl analogs. The 3-
hydroxystyryl-type luciferin analog 2d was also prepared to eval-
uate the importance of the hydroxy group position for bio-
luminescence activity.
The synthesis of luciferin analogs was conducted as shown in
Scheme 1. We utilized D-cysteine or (S)-trityl-D-cysteine methyl
ester for constructing the chiral thiazoline ring. Thus, the analogs
1a, 1b, 1c, and 2a were synthesized directly by the coupling of D-
cysteine with the corresponding nitriles, 4a, 4b, 4c, and 6,
Fig. 2. Chemical structure of synthetic substrates (1e3).
Fig. 3. Structure around plausible ligand-binding site of P. pyralis luciferase and
overlay model of oxy-3b, oxyluciferin and AMP. The backbone structure of luciferase
(4G36) is shown in cyan, and the electrostatic surface is presented as a wire mesh with
negative and positive charges in red and blue, respectively. The original ligand DLSA is
omitted from the ﬁgure for clarity. Side chains of Arg218, Ans229, Phe247, Tyr255,
Ser284, Glu311, and Arg337 are shown in stick form. The view was sliced to show the
binding pocket and some residues were omitted from the ﬁgure for clarity. Water
molecules are shown as red spheres, except Wat725 is colored green. The ligand atoms
are displayed in stick form with the carbon atom of oxy-3b in magenta, oxyluciferin in
lemon yellow and AMP in orange. Nitrogen is colored blue, oxygen is colored red,
sulfur is colored yellow, and phosphorus is colored deep orange.
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respectively. The analogs 2b, 2c, 2d, 3a, and 3b were obtained by
the enzymatic hydrolysis (porcine liver esterase) of the corre-
sponding methyl esters 11b, 11c, 11d, 15a, and 15b, which were
constructed from the corresponding carboxylic acids 10b, 10c, 10d,
14a, and 14b via coupling with (S)-trityl-D-cysteine methyl ester
followed by the formation of the thiazoline rings.
2.2. Bioluminescence activity of luciferin analogs
Bioluminescence activity assays were performedwith wild-type
P. pyralis luciferase and ATPeMg for each compound, and the
emitted light count was integrated for a ﬁxed time (180 s). The
emission spectra were measured from 400 nm to 750 nm (Fig. 4).
Scheme 1. Synthesis of aromatic analogs 1e3. Synthetic conditions: (a) D-Cys$HCl, NaOHaq, EtOH. (b) Acrylonitrile, Pd(OAc)2, CH3CO2K, K2CO3, water, reﬂux. (c) TBDMSCl, imid-
azole. (d) DIBAL. (e) Ph3P]CHCO2Et, toluene, reﬂux. (f) NaOHaq i-PrOH. (g) D-Cys(S-Trt)-OMe, EDC, DMAP, DMF, rt. (h) Ph3PO, Tf2O, CH2Cl2. (i) Esterase, EtOH, 10 mM NH4HCO3, pH
7.8, 36 !C.
Fig. 4. Bioluminescence emission spectra of compounds of (A) 4-hydroxyphenyl, (B) 4-(dimethylamino)phenyl, (C) 6-hydroxynaphthalen-2-yl analogs, and (D) natural substrate D-
LH2. All spectra were normalized at the emission maxima, and relative light emission intensity compared with that of natural D-LH2 is shown in parenthesis in %.
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All the synthetic aromatic analogs except 2d exhibited light-
emitting activities. In preliminary measurements, we observed
that the light emission intensity of 1:1 mixtures of D- and L-2bwere
approximately 1:3 those of pure D-2b. This means that the in-
hibition ability of L-2b and the optical purity of the analogs are not
crucial in evaluating the light emission ability of the analogs when
we use P. pyralis luciferase. Thus, we used the racemic mixtures
without further separation. The light emission intensity increased
proportionally with an increasing amount of luciferase and/or
ATPeMg (data not shown). Analogs 2b and 3b showed compara-
tively potent bioluminescence activity with 15% and 5% relative
light intensities compared with that of natural D-LH2, respectively.
However, the light emission intensities of the analogs other than 2b
and 3bwere less than 1% of that of the natural substrate. Although
the bioluminescent intensity of 3b is only 5% of that of D-LH2 in
aqueous solution, the absorption coefﬁcient of blood against
675 nm light (lmax generated by bioluminescence of 3b) is less than
1:30 of that for 560 nm light (lmax generated by the bio-
luminescence of D-LH2). This means that the light generated by the
bioluminescence of 3b passes through blood-containing tissue
better than that of D-LH2 under the same conditions. Observed
emission maximum and light emission intensity for 1c (lmax
565 nm and 0.1% relative light yield compared with that of D-LH2)
were considerably different from the previously reported values for
1c (lmax 524 nm, 1.5% relative light yield compared with that of D-
LH2 at pH 9.3).23a This discrepancymay be because of the difference
in the experimental conditions.
The inactive 3-hydroxystyryl-type luciferin analog 2d compared
with the active 4-hydroxystyryl-type luciferin analog 2a, as in the
case of phenolic hydroxy positional isomers of luciferin,24 suggested
that synthetic substratesbindandact ina similarmanner tonative D-
LH2, and that the position of the hydroxyl group is one of the im-
portant factors for light emissionability.However, the slowemission
proﬁle indicated a difference of environment at the catalytic site of
the luciferase. The light emission from all the synthetic substrates
showed a slow rise tomaximum intensity (about aminute), andwas
sustained for about 1min, as distinct from lightemission fromD-LH2,
which rapidly reached maximum intensity within a few seconds
followed by a steep decay (will be discussed below).
Among the bioluminescently active compounds, obvious struc-
tureeemission wavelength relationships were found. The insertion
of conjugated double bonds between an aromatic ring and a thia-
zoline ring showed an emission maximum wavelength with an
approximately 100 nm shift to red per double bond. In addition, the
emission maximum of 4-(dimethylamino)phenyl analogs (1be3b)
exhibited an approximately 30 nm shift to red, compared with
those of corresponding 4-hydroxyphenyl analogs (1ae3a). Simi-
larly, the emission maximum of 6-hydroxynaphthalen-2-yl analogs
(1c and 2c) exhibited an approximately 130 nm shift to red, com-
pared with those of the corresponding 4-hydroxyphenyl analogs
(1a and 2a). Thus, we obtained the synthetic luciferase substrates
emitting a variety of colors, such as blue/purple, blue, green/
yellow-green, and red. The shortest blue emission (lmax¼440 nm)
was observed for 1a. Notably, the longest wavelength observed for
3b (lmax¼675 nm) was in the NIR window region. Therefore, these
results represent the capability of designing light-emitting sub-
strates to obtain a wider range of emission wavelengths than those
from native D-LH2.
Oneof the reasons for thesewavelength shiftswas indicated tobe
that the length of the p conjugation controls the wavelength of the
emission maximum. Theoretical calculation for the excited species
and prediction of the spectroscopic properties are challenging
ﬁelds,25 especially the characterization of light emitters (excited
oxyluciferins) interacting with various intramolecular factors, in-
cluding hydrogen bonds and Coulomb interaction, and polarity in
the luciferase active site. Commonly, aþ30 nm shift per conjugated
double bondwas used to estimate the UVwavelength of the organic
compounds.26 Even from this rough estimate, a þ100 nm shift per
double bond seemed to be a bigger shift than we expected.
The other possible reason apart from p conjugation was sup-
posed to be a solvent effect. Previously, we have investigated the
light-color modulation mechanism using 5,5-dimethyloxyluciferin
and aminoluciferin analogs as model compounds, and showed
that it depended on the base/solvent combination.27,28 When the
emission species is exposed into the polar water from a generally
hydrophobic binding site, the emission color may shift to red.
Therefore, we presumed the environment of the emission species
of the synthetic compounds was more polar than that for natural D-
LH2. The domain alteration hypothesis of ﬁreﬂy luciferase29,30
seems to be supportive of this assumption. Fireﬂy luciferase is
a family of adenylating enzymes containing acyl- and aryl-CoA
synthetases, and nonribosomal peptide synthetases.31 Many of
them are proposed for the domain movement during the catalytic
reaction. According to their crystal structural studies,23c,32 the pu-
tative substrate-binding site of luciferase is within a cavity of the N-
terminal domain, and the AMPmoiety is located in-between the N-
and C-terminal domains. When this domain movement occurred
after the adenylation of D-LH2 and the C-terminal domain covered
the substrate inside the enzyme, the emission species was sup-
posed to exist in the hydrophobic environment. If we assumed that,
like native D-LH2, adenylated synthetic substrates did not induce
domain alteration, then the emission species might have been ex-
posed to water, which may have resulted in an emission shift to-
ward red. Study of the whole C-domain-lacking mutant of ﬁreﬂy
luciferase showed the importance of the C-terminal domain for
bioluminescence.33 Interestingly, this luciferase mutant, with an
altered N-domain only, retains its luminescence activity and
showed red emission around 620 nm irrespective of pH with D-
LH2eAMP. We assumed this result also supports the presumption
that unnatural conformation of the C-domain causes a polar active
site environment for the synthetic compounds.
2.3. Bioluminescence activity of adenylated derivatives of
luciferin analogs
Next, we compared the bioluminescence activity of D-LH2 and
analogs to the corresponding adenylated derivatives. The use of the
adenylated derivatives allows us to skip the adenylation step in
bioluminescence reaction (Fig. 1, Eq. 1), and allows the luciferase to
only catalyze the oxidation step of the adenylated substrates (Fig. 1,
Eq. 2). If the adenylation step is the rate-determining step in light
emission, the speed of light emission should be increased to en-
hance light emission intensity. The adenylated derivatives were
prepared by reported procedures,34 puriﬁed by HPLC just prior to
use, and subjected to bioluminescence reaction. The adenylated
substrate derivatives were rather stable under acidic conditions
and no epimerization or hydrolysis was observed in pH 4 buffer
solution or in 0.05% TFA-containing HPLC eluent over 1 h at room
temperature. However, they were somewhat unstable under basic
conditions measuring bioluminescence activity: the half-life for
hydrolysis and epimerization in the pH 8 buffer was ca. 1 h and
10 min, respectively, at room temperature. Thus, the adenylated
material was prepared and puriﬁed by HPLC under acidic condi-
tions just prior to use. The bioluminescence emission proﬁles of the
most active anaolg 2b and its adenylated 2beAMP are shown in
Fig. 5 as representative results. The emission maxima were not
changed by adenylation, though the emission intensity was en-
hanced 10 to several hundred times with shorter rise times (8 s), as
for D-LH2 (6 s). Thus, the slow rise of light emission intensity of the
analog itself was suggested to be responsible for the slow reaction
of the adenylation step. The emission intensity of adenylated ana-
logs decayed more slowly than that of adenylated D-LH2. Compared
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with D-LH2, D-LH2eAMP showed a burst of light emission followed
by drastic decay. If this quick decay of D-LH2eAMP is because of
product inhibition,1 synthetic analogs seem to have fewer product
inhibition properties compared with those of oxyluciferin from
natural D-LH2. The synthetic analogs for P. pyralis luciferase may be
useful for in vivo whole-body imaging, because of the duration of
substantial maximum light production suitable for detecting more
stable signals, coupled with availability of vectors for luciferase
gene to introduce it into living organisms.
Recently, bioluminescence resonance energy transfer (BRET)
systems utilizing chemically modiﬁed liciferin18,19 and ﬁreﬂy lu-
ciferase17,35 were successfully developed to obtain light emission in
the NIR window region,18,19 and the longest wavelength was
recorded at 783 nm.35 This is a far longer wavelength than we
observed from 3b, though our compounds do not require the in-
jection of modiﬁed luciferase into organisms to obtain red emis-
sion. Nevertheless, our compounds may also have the potential to
be used as BRET donors. It should be noted that according to the
functional speciﬁcation of the photomultiplier tube (Hamamatsu
R4220) of the luminometer used, sensitivity at 700 nm is more than
10 times less than at 600 nm. We will therefore be required to
prepare more suitable apparatus for further development of lucif-
erase substrates with NIR range emission.
3. Conclusion
We developed simple luciferin analogs with various light
emission colors ranging from blue to the NIR window region. From
study of the structureeemissionwavelength relationship, we found
that the introduction of conjugated double bonds between aro-
matic parts and the thiazoline ring was very effective for elongation
of wavelengths of emission maxima, producing an approximately
100 nm longer wavelength shift per conjugated double bond. The
shortest emissionwavelength was observed with 1a (lmax 440 nm),
and the longest with 3b (lmax 675 nm), reached within the NIR
window region of light suitable for bioimaging of deep sites in
living animals. The light emission from analogs showed slow in-
creases to maximum intensity (about a minute), and was sustained
for about 1 min, being different from that of D-LH2 light emission,
which rapidly reaches maximum intensity within a few seconds
followed by a steep decay. The rather weak bioluminescence in-
tensity of analogs could be enhanced 10 to several hundred times
by their derivatization to corresponding adenylated substrates.
4. Experimental section
4.1. General
4.1.1. Materials and general method for synthesis. Starting materials
and reagents were obtained from commercial suppliers and used
without further puriﬁcation. Porcine liver esterase was purchased
from Sigma (E3019, lyophilized powder). Solvents used for anhy-
drous conditions were distilled, or dried over 4!A molecular sieves.
Cation exchange resins (Organo, Amberlite IR-120B NA, and
IRA400OH AG) were used to remove ions. Merck precoated Kie-
selgel 60 F254 plates with 0.25 mm (Art. 5715) and 0.5 mm (Art.
5744) thickness were used for analytical and preparative thin layer
chromatography (TLC). Visualization of TLC was accomplished with
UV-light and by treatment with suitable staining reagents. Merck
Kieselgel 60 (Art. 7734) was used for column chromatography.
Solvents were removed with a rotary evaporator under reduced
pressure at a temperature below 40 !C. Melting points were mea-
sured using a Yamato MP-2 instrument and are uncorrected. Op-
tical purity of synthesized luciferin analogs was analyzed by HPLC
(Agilent 1100 series) using a chiral column (Daicel Chemical In-
dustries, OD-RH or OZ-RH, 5 mm, 4.6"150 mm) with linear gradient
of 10%e90% acetonitrile in H2O over 30 min (ﬂow rate 0.5 mL/min)
as eluent. Unless otherwise stated, chiral analyses were performed
using the OD-RH column. A UV detector set at 330 nmwas used for
peak detection. The retention times of L-LH2 and D-LH2 were 17.2
and 18.2 min, respectively. Synthesized compounds were used for
the luminescence assay without further puriﬁcation. IR spectra
were measured using a Horiba FT 730 spectrometer. 1H and 13C
NMR spectra were recorded on JEOL Lambda 270 [270 MHz (1H)
and 67.8 MHz (13C)] and JEOL ECA 500 [500 MHz (1H) and 125 MHz
(13C)] instruments. Chemical shifts are reported in parts per million
(d) downﬁeld from internal tetramethylsilane (d¼0) and coupling
constants in hertz. Fast atom bombardment mass spectra (FAB-MS)
were measured with a Finnigan MAT TSQ-700 instrument (glycerol
matrix). Electron ionization mass spectra (EI-MS) were measured
with a JEOL JMS 600H instrument. High-resolution electrospray
ionization mass spectra (HR-ESI-MS) weremeasured with JEOL JMS
T1000LC mass spectrometers, using tuned conditions of needle
voltage: 2000 V, oriﬁce 1 voltage: 85 V, oriﬁce 2 voltage: 5 V, ring
lens voltage: 10 V, desolvating gas: 250 !C, oriﬁce 1 temperature:
80 !C, delivery of sample: infusion method, ﬂow speed: 10e30 mL/
min (according to the sample).
4.1.2. Materials and general method for luminescence assay. A 1mg/
mL stock solution of commercial luciferase purchased from Prom-
ega (QuantiLum recombinant P. pyralis luciferase, E1701) and Sigma
(L9506) was prepared by dissolving the luciferase in 50 mM
TriseHCl buffer (pH 8.0) containing 10% glycerol and was stored at
$80 !C. Just prior to use, the luciferase stock solutions were diluted
100-fold with 50 mM potassium phosphate buffer (pH 6.0) con-
taining 35% glycerol. The diluted luciferase solution was ice-cooled
until use. ATPeMg was purchased from Nacalai Tesque, and the
buffer chemicals from Wako Chemicals or Kanto Chemicals. Stock
solution of substrates was prepared by dissolving 5 mM of the
substrates in 50 mM potassium phosphate buffer (pH 6.0), and was
Fig. 5. Comparison of changes in bioluminescence over time of 2b/ATP with 2beAMP, and of D-LH2/ATP with D-LH2eAMP. The most active 2b was selected as a delegate for
synthesized compounds. (A) 2b/ATP (thick line) and 2beAMP (dashed line). (B) D-LH2/ATP (thick line) and D-LH2eAMP (dashed line). Relative light emission intensity of 2beAMP
compared with D-LH2eAMP is shown in parenthesis in %.
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stored at !80 "C. Deionized water (Millipore, Milli-RX-12a) was
used for aqueous assay solutions. pH was monitored with a Horiba
F-23 pH meter. Bioluminescence intensity was measured using an
ATTO AB-2200 or AB-2270 luminometer (Hamamatsu, R4220
photomultiplier tube) and bioluminescence spectra were recorded
using an ATTO AB-1850 spectrophotometer. Adenylated derivatives
were prepared according to the literature,34 and puriﬁed using an
HPLC system (Agilent 1100 series) equipped with a Mightysil C18
reverse phase column (5 mm, 4.6#250 mm) just prior to use. The
ﬂow rate of the mobile phase consisting of a mixture of acetonitrile
and 0.05% TFA aqueous solution was 0.5 mL/min, and the column
temperature was maintained at 20 "C. A linear gradient of 10%e90%
acetonitrile over 30 min was applied, and a UV detector set at
330 nm was used for peak detection. D-LH2eAMP was eluted at
13.4 min, followed by L-LH2eAMP (13.6 min), and D-LH2 (20.9 min).
D-2beAMP was eluted at 22.2 min, followed by L-2beAMP
(22.8 min), and 2b (26.8 min). The volatiles of the eluted fraction
were removed under reduced pressure and the residual aqueous
solution containing adenylated product was promptly subjected to
bioluminescence activity. The purity and concentration of the
synthesized adenylates were determined to be more than 95% us-
ing a calibration curve prepared with the HPLC system.
4.2. Preparation of luciferin analogs
4.2.1. (S)-2-(4-Hydroxyphenyl)-4,5-dihydrothiazole-4-carboxylic
acid (1a). To a solution of 4-cyanophenol (4a) (120 mg, 1.01 mmol)
and D-cysteine hydrochloride monohydrate (D-Cys$HCl) (211 mg,
1.20 mmol) in EtOH (5 mL) was added 1 M NaOH (5 mL). After the
reaction mixture was stirred at 80 "C for 6 h, additional D-Cys$HCl
(422 mg, 2.40 mmol) and 1 M NaOH (1 mL) were added, and the
mixture was stirred at room temperature for 4 days. The reaction
mixture was ﬁltered and the ﬁltration residue was washed with
50% aqueous EtOH (20 mL). The ﬁltrate and washings were com-
bined and the pH of the mixturewas adjusted to pH 2with 2MHCl.
The precipitates were collected by suction ﬁltration, washed by
distilled water, and dried under reduced pressure to give anaolg 1a
(111 mg, 50%) as a white powder. Mp 200e204 "C dec; 90% ee from
chiral HPLC (retention time of L-isomer: 8.0 min, D-isomer:
8.7 min); 1H NMR (270 MHz, CD3OD) d 3.70 (dd, J¼7.9, 11.5 Hz, 1H,
ABX system), 3.76 (dd, J¼8.9, 11.5 Hz, 1H, ABX system), 5.23 (dd,
J¼7.9, 8.9 Hz, 1H, ABX system), 6.85 (d, J¼8.9 Hz, 2H, AA0BB0 sys-
tem), 7.74 (d, J¼8.9 Hz, 2H, AA0BB0 system); 13C NMR (67.8 MHz,
CDCl3) d 36.0 (t), 78.0 (d), 116.5 (d)#2, 124.5 (s), 131.8 (d)#2, 163.0
(s), 173.9 (s), 174.6 (s); FT-IR nmax (cm!1): 2680, 1610, 1580, 1510; EI-
MS m/z: 223 (Mþ, 44%), 178 (100). HR-ESI-MS: m/z: [MþNa]þ calcd
for C10H9NNaO3S, 246.0201; found, 246.0157.
4.2.2. (S)-2-(4-(Dimethylamino)phenyl)-4,5-dihydrothiazole-4-
carboxylic acid (1b). To a solution of 4-(dimethylamino)benzoni-
trile (4b) (103 mg, 0.71 mmol) and D-Cys$HCl (371 mg, 2.12 mmol)
in EtOH (4 mL) was added 1 M NaOH (5 mL). After the reaction
mixture was stirred at 80 "C for 5 h, 1 M HCl (5 mL) was added, and
the mixture was concentrated under reduced pressure. The residue
was washedwith distilled water to give analog 1b (50.9 mg, 29%) as
a yellow solid. 92% ee from chiral HPLC (retention time of L-isomer:
11.1 min, D-isomer: 11.5 min); 1H NMR (270 MHz, CDCl3) d 3.01 (s,
6H), 3.50 (dd, J¼9.2, 11 Hz, 1H, ABX system), 3.61 (dd, J¼9.2, 11 Hz,
1H, ABX system), 5.00 (dd, J¼9.2, 9.2 Hz, 1H, ABX system), 6.71 (d,
J¼7.0 Hz, 2H, AA0BB0 system), 7.71 (d, J¼7.0 Hz, 2H, AA0BB0 system);
FT-IR nmax (cm!1): 3392, 1608; ESI-MS m/z: 251 [(MþH)þ]. HR-ESI-
MS: m/z: [MþNa]þ calcd for C12H14N2NaO2S, 273.0674; found,
273.0649.
4.2.3. (S)-2-(6-Hydroxynaphthalen-2-yl)-4,5-dihydrothiazole-4-
carboxylic acid (1c). In a similar manner to that used for the
preparation of 1b, 6-cyano-2-naphthol (4c) (102 mg, 0.60 mmol)
was treated with D-Cys$HCl (290 mg, 1.65 mmol) and 1 M NaOH
(2.5 mL) in EtOH (5 mL) to afford anaolg 1c quantitatively as
a yellow solid. Mp 197 "C dec (lit.23a 201.5e203.5 "C dec); 90% ee
from chiral HPLC (retention time of L-isomer: 10.8 min, D-iso-
mer: 11.2 min); 1H NMR (270 MHz, CD3OD) d 3.71 (dd, J¼8.9,
11.2 Hz, 1H, ABX system), 3.76 (dd, J¼8.9, 11.2 Hz, 1H, ABX sys-
tem), 5.33 (dd, J¼8.9, 8.9 Hz, 1H, ABX system), 7.12e7.16 (com-
plex, 2H), 7.68 (d, J¼8.9 Hz, 1H), 7.83 (d, J¼9.6 Hz, 1H), 7.90 (dd,
J¼1.6, 8.9 Hz, 1H), 8.21 (br d, J¼1.6 Hz, 1H); 13C NMR (67.8 MHz,
CD3OD) d 37.1 (t), 83.0 (d), 110.0 (d), 120.3 (d), 126.2 (d), 127.4
(d), 128.8 (s), 128.9 (s), 130.4 (d), 131.7 (d), 138.1 (s)#2, 158.4 (s),
170.0 (s), 178.5 (s); FT-IR nmax (cm!1): 3022, 1589, 1483; HR-ESI-
MS m/z: [MþH]þ calcd for C14H12NO3S, 274.0538; found,
247.0533, and [MþH!CO2]þ calcd for C13H12NOS, 230.0640;
found, 230.0644.
4.2.4. (S,E)-2-(4-Hydroxystyryl)-4,5-dihydrothiazole-4-carboxylic
acid (2a). Following the literature,36 to a solution of 4-iodophenol
(5) (1100 mg, 5.0 mmol) in water (10 mL) were added CH3CO2K
(491 mg, 5.0 mmol), K2CO3 (865 mg, 6.3 mmol), acrylonitrile
(495 mL, 7.5 mmol), and Pd(OAc)2 (11 mg, 0.05 mmol), and the
mixture was heated under reﬂux for 30 min. After the reaction
mixture was cooled to room temperature, precipitates were ﬁltered
off through a pad of Celite and the ﬁlter cake was washed with
water (50 mL). The ﬁltrate and washings were combined, adjusted
to pH 7 with 2 M HCl, and the products were extracted with EtOAc
(40 mL). The organic layers were combined, dried over Na2SO4, and
concentrated to leave a white solid. Recrystallization from EtOAc/i-
Pr2O gave nitrile 6 (417 mg, 58%) as colorless needles being a mix-
ture of stereoisomers (cis/trans¼1:3 by 1H NMR). 1H NMR
(500 MHz, CDCl3) d 5.30 (d, J¼12.5 Hz, 0.25H cis), 5.85 (d, J¼16 Hz,
0.75H trans), 6.75 (d, J¼8 Hz, 1.5H trans, AA0BB0 system), 6.77 (d,
J¼9.0 Hz, 0.5H cis, AA0BB0 system), 7.08 (d, J¼12.5 Hz, 0.25H cis),
7.33 (d, J¼16 Hz, 0.75H trans), 7.35 (d, J¼8 Hz, 1.5H trans, AA0BB0
system), 7.66 (d, J¼9.0 Hz, 0.5H cis, AA0BB0 system). To a solution of
D-Cys$HCl (106 mg, 0.60 mmol) and nitrile 6 (65.0 mg, 0.45 mmol)
in MeOH (2 mL) was added 1 M NaOH (2 mL) and the mixture was
stirred at 80 "C for 6 h. The reaction mixture was neutralized with
1 M HCl and was directly puriﬁed using a Sep-Pak cartridge (Wa-
ters, C18, water to 60% MeOH stepwise gradient) to give anaolg 2a
(9.2 mg, 8%) as a pale-yellow solid. Mp 138e140 "C dec; 98% ee;
from chiral HPLC (retention time of L-isomer: 12.3 min, D-isomer:
12.9 min); 1H NMR (270MHz, CD3OD) d 3.52 (dd, J¼8.9, 10.9 Hz, 1H,
ABX system), 3.61 (dd, J¼8.9, 10.9 Hz, 1H, ABX system), 5.01 (dd,
J¼8.9, 8.9 Hz, 1H, ABX system), 6.80 (d, J¼8.9 Hz, 2H, AA0BB0 sys-
tem), 6.91 (d, J¼16.0 Hz, 1H), 7.10 (d, J¼16.0 Hz, 1H), 7.42 (d,
J¼8.9 Hz, 2H, AA0BB0 system); 13C NMR (67.8 MHz, CDCl3) d 36.5 (t),
81.2 (d), 116.9 (d)#2,119.7 (d), 128.0 (s), 130.5 (d)#2,143.7 (d),160.7
(s), 172.0 (s), 177.5 (s); FT-IR nmax (cm!1): 3151, 1626, 1568; ESI-MS
m/z: 250 [(MþH)þ]. HR-ESI-MS:m/z: [MþH]þ calcd for C12H12NO3S,
250.0538; found, 250.0516.
4.2.5. S-Trityl-D-cysteine methyl ester [D-Cys(S-Trt)-OMe]. To a solu-
tion of S-trityl-D-cysteine (504 mg, 1.39 mmol) in MeOH (100 mL)
was added 4 M HCl (5.4 mL in 1,4-dioxane), and the mixture was
stirred at ambient temperature for 17 days. The reaction mixture
was neutralized by adding ion exchange resin IRA400OH AG. The
resin was ﬁltered off and washed with MeOH. The ﬁltrate and
washings were combined and concentrated in vacuo. The residue
was puriﬁed by silica gel column chromatography (Hex/
EtOAc¼1:1) to give D-Cys(S-Trt)-OMe 455 mg (86%) as a pale-
yellow oil. 1H NMR (270 MHz, CDCl3) d 2.47 (dd, J¼7.7, 12.4 Hz,
1H, ABX system), 2.60 (dd, J¼4.8, 12.4 Hz, 1H, ABX system), 3.20
(br dd, J¼4.8, 7.7 Hz, 1H, ABX system), 3.65 (s, 3H), 7.18e7.31
(complex, 9H, 3# C6H3), 7.40e7.45 (complex, 6H, 3# C6H2); 13C
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NMR (67.8 MHz, CDCl3) d 36.9 (t), 52.1 (q), 53.8 (d), 66.8 (s), 126.8
(d)!3, 127.9 (d)!6, 129.6 (d)!6, 144.5 (s)!3, 174.2 (s); FT-IR nmax
(cm"1): 3381, 3315, 1739, 1595; FAB-MS m/z: 378 (MþHþ, 10%),
243 (100).
4.2.6. (S,E)-2-(4-(Dimethylamino)styryl)-4,5-dihydrothiazole-4-
carboxylic acid (2b). To a solution of 4-(dimethylamino)cinnamic
acid (10b) (92.1 mg, 0.48 mmol) in DMF (5 mL) were added D-
Cys(S-Trt)-OMe (101 mg, 0.53 mmol), 1-ethyl-3-(3-
dimethylamino-propyl)carbodiimide (EDC) (311 mg, 1.62 mmol),
and 4-(dimethylamino)pyridine (DMAP) (151 mg, 1.23 mmol)
under Ar. After the reaction mixture was stirred at room tem-
perature for 24 h, water (100 mL) was added. The products were
extracted with EtOAc (3!100 mL). The combined organic layers
were dried over Na2SO4, ﬁltered, and concentrated. The residue
obtained was puriﬁed by silica gel column chromatography (Hex/
EtOAc¼1:1) to give an N-acyl-S-trityl D-cysteine methyl ester de-
rivative, (S)-methyl 2-((E)-3-(4-(dimethylamino)phenyl)acryl-
amido)-3-(tritylthio)propanoate (259 mg, 89%) as a yellow oil
(step g in Scheme 1). 1H NMR (500 MHz, CDCl3) d 2.72 (m, 2H, ABX
system), 3.01 (s, 6H), 3.72 (s, 3H), 4.78 (m, 1H, ABX system), 6.15
(d, J¼15.5 Hz, 1H), 6.20 (d, J¼5.9 Hz, 1H, NH), 6.68 (d, J¼8.6 Hz, 2H,
AA0BB0 system), 7.20e7.42 (complex, 17H), 7.52 (d, J¼15.5 Hz, 1H);
ESI-MS m/z: 573 [(MþNa) þ]. To a solution of the amide obtained
above (118 mg, 0.21 mmol) in dry CH2Cl2 (10 mL) were added
triphenylphosphine oxide (Ph3PO) (124 mg, 0.45 mmol) and tri-
ﬂuoromethanesulfonic anhydride (Tf2O) (360 mL, 2.14 mmol) un-
der Ar.37 After the reaction mixture was stirred at room
temperature for 40 min, the reaction was quenched by adding
water (50 mL), and the products were extracted with CHCl3
(50 mL), and then EtOAc (2!50 mL). The combined organic layers
were dried over Na2SO4, ﬁltered, and concentrated. The residue
was puriﬁed by silica gel column chromatography (Hex/
EtOAc¼1:2) to give thiazoline ester 11b (44.2 mg, 71%) as a yellow
solid (step h in Scheme 1). 1H NMR (500 MHz, CDCl3) d 2.96 (s,
6H), 3.53 (m, 2H, ABX system), 3.79 (s, 3H), 5.14 (dd, J¼8.6, 8.6 Hz,
1H, ABX system), 6.63 (d, J¼7.5 Hz, 2H, AA0BB0 system), 6.88 (d,
J¼15.5 Hz, 1H), 7.04 (d, J¼15.5 Hz, 1H), 7.34 (d, J¼7.5 Hz, 2H, AA0BB0
system); FT-IR nmax (cm"1): 1724; ESI-MS m/z: 291 [(MþH)þ]. To
a mixture of thiazoline ester 11b (21.1 mg, 0.07 mmol) in EtOH
(2 mL) and 10 mM NH4HCO3 (6 mL) was added porcine liver es-
terase (9.2 mg), and the reaction mixture was stirred at 37 %C
under Ar for 19 h. After evaporation of the reaction mixture, the
residue obtained was suspended in a mixture of MeOH/CHCl3. The
precipitate was ﬁltered off, and the ﬁltrate and washings of the
residue were combined and concentrated to give anaolg 2b
(14.1 mg, 71%) as an orange solid (step i in Scheme 1). 26% ee from
chiral HPLC (retention time of L-isomer: 13.2 min, D-isomer:
12.9 min); 1H NMR (500 MHz, CD3OD) d 3.00 (s, 6H), 3.62 (m, 2H,
ABX system), 5.01 (dd, J¼8.6, 8.6 Hz, 1H, ABX system), 6.72 (d,
J¼9.0 Hz, 2H, AA0BB0 system), 6.86 (d, J¼16 Hz, 1H) 7.21 (d,
J¼16 Hz, 1H), 7.44 (d, J¼9.0 Hz, 2H, AA0BB0 system); 13C NMR
(125 MHz, CD3OD, d): 31.2 (t), 34.5 (q)!2, 79.7 (d), 112.5 (d)!2,
115.9 (d), 122.5 (s), 130.1 (d)!2, 144.1 (d), 152.1 (s), 170.4 (s), 172.2
(s); FT-IR nmax (cm"1): 3392, 1602; HR-ESI-MS m/z: [MþH]þ calcd
for C14H17N2O2S, 277.1011; found, 277.0989.
4.2.7. (S,E)-2-(2-(6-Hydroxynaphthalen-2-yl)vinyl)-4,5-dihydrothi-
azole-4-carboxylic acid (2c). To a solution of 6-cyano-2-naphthol
(4c) (50.2 mg, 0.30 mmol) in DMF (0.5 mL) were added tert-
butyldimethylsilyl chloride (TBDMSCl, 143 mg, 0.95 mmol) and
imidazole (160.7 mg, 2.40 mmol). After the mixture was stirred at
room temperature for 1 h, water (40 mL) was added. The products
were extracted from the diluted mixture with EtOAc (3!60 mL).
The combined organic layers were dried over Na2SO4, ﬁltered, and
concentrated. The residue was puriﬁed by silica gel column
chromatography (Hex/EtOAc¼8:1) to yield 6-(tert-butyldime-
thylsilyloxy)naphthalene-2-carbonitrile (7) (69.9 mg, 83%) as
a colorless oil. 1H NMR (270MHz, CD3OD) d 0.23 (s, 6H), 0.97 (s, 9H),
7.12 (complex, 2H), 7.48 (dd, J¼1.6, 8.6 Hz, 1H), 7.69 (d, J¼8.9 Hz,
1H), 7.73 (d, J¼8.9 Hz, 1H), 8.08 (d, J¼0.5 Hz, 1H); FT-IR nmax (cm"1):
3689, 2225, 1274; ESI-MS m/z: 284 [(MþH)þ], 306[(MþNa)þ]. Ni-
trile 7 (99.3 mg, 0.35mmol) was dissolved in toluene (10mL) under
Ar. To the mixture was added 1 M solution of diisobutylaluminium
hydride (DIBAL) in toluene solution (0.5 mL). After the reaction
mixture was stirred at room temperature for 1 h, acetone (10 mL)
was added to the ice-water-cooled reaction mixture for de-
composition of the excess reagent. To the mixture were added satd
potassium sodium tartrate (20 mL) and water (30 mL). The prod-
ucts were extracted from the suspension with EtOAc (3!50 mL).
The combined organic layers were dried over Na2SO4, and evapo-
rated. The residue was puriﬁed by PTLC (Hex/EtOAc¼10:1) to afford
aldehyde 8 (74.4 mg, 74%) as a yellow oil. 1H NMR (270MHz, CDCl3)
d 0.28 (s, 6H), 1.03 (s, 9H), 7.17 (dd, J¼2.3, 8.6 Hz, 1H), 7.23 (br d,
J¼2.3 Hz, 1H), 7.76 (d, J¼8.6 Hz, 1H), 7.89 (d, J¼8.6 Hz, 1H), 7.90 (dd,
J¼1.6, 8.6 Hz,1H), 8.26 (s, 1H), 10.09 (s, 1H); FT-IR nmax (cm"1): 1716,
1274; ESI-MS m/z: 287 [(MþH)þ]. To a solution of aldehyde 8
(63.9 mg, 0.22 mmol) in toluene (2 mL) was added
ethoxycarbonylmethylene-triphenylphosphoran (Ph3P]CHCO2Et)
(121 mg, 0.349 mmol) and the mixture was stirred at room tem-
perature for 5 h. After dilution of the reaction mixture with water
(50 mL), the products were extracted with EtOAc (3!50 mL). The
combined organic layers were dried over Na2SO4 and evaporated.
The residue was puriﬁed by PTLC (Hex/EtOAc¼25:1) to give ester 9
(76.6 mg, 97%) as a yellow oil (step e in Scheme 1). 1H NMR
(270 MHz, CDCl3) d 0.25 (s, 6H), 1.00 (s, 9H), 1.34 (t, J¼7.0 Hz, 3H),
4.27 (q, J¼7.0 Hz, 2H), 6.47 (d, J¼16.1 Hz, 1H), 7.11 (dd, J¼2.4, 8.9 Hz,
1H), 7.19 (d, J¼2.4 Hz, 1H), 7.60e7.79, complex, 4H), 7.85 (br s, 1H);
FT-IR nmax (cm"1): 1623, 1274; ESI-MS m/z: 357 [(MþH)þ]. To a so-
lution of ester 9 (90.8 mg, 0.253 mmol) in i-PrOH (3 mL) was added
1 M NaOH (5 mL) and the mixture was stirred at room temperature
for 5 h. The reaction mixture was neutralized by adding ion ex-
change resin IR-120B NA. The resin was removed by ﬁltering. The
ﬁltrate and washings were combined, and evaporated to give acid
10c quantitatively as a pale-yellow oil (step f in Scheme 1). 1H NMR
(270 MHz, CD3OD) d 6.50 (d, J¼15.7 Hz, 1H), 7.10 (dd, J¼2.2, 7.6 Hz,
1H), 7.11 (br s, 1H), 7.65 (m, 2H), 7.77 (dd, J¼1.6, 8.1 Hz, 1H), 7.80 (d,
J¼15.7 Hz, 1H), 7.90 (s 1H); FT-IR nmax (cm"1): 3689, 1670; ESI-MS
m/z: 237 [(MþNa)þ]. In a similar manner to that used in step g in
the synthesis of analog 2b, acid 10c (54.9 mg, 0.25 mmol)
was coupled with D-Cys(S-Trt)-OMe to give an N-acyl-S-trityl
D-cysteine methyl ester derivative, (S)-methyl 2-((E)-3-
(2-hydroxynaphthalen-6-yl)acrylamido)-3-(tritylthio)propanoate
(58.4 mg, 40%) as a pale-yellow oil. 1H NMR (270MHz, CDCl3) d 2.75
(m, 2H, ABX system), 3.75 (s, 3H), 4.77 (dd, J¼2.7, 7.9 Hz, 1H, ABX
system), 6.35 (d, J¼16.1 Hz, 1H), 6.90e7.80 (complex, 23H); FT-IR
nmax (cm"1): 3689, 3565, 1868; ESI-MS m/z: 574 [(MþH) þ]. In
a similar manner to that used in step h in the synthesis of analog 2b,
the amide obtained above (60.3 mg, 0.11 mmol) was cyclized to
yield thiazoline ester 11c (17.4 mg, 55%) as a yellow solid. 1H NMR
(270 MHz, CDCl3) d 3.63 (m, 2H, ABX system), 3.81 (s, 3H), 5.27 (dd,
J¼8.9, 8.9 Hz, 1H, ABX system), 7.07e7.13 (complex, 3H), 7.33 (d,
J¼16.1 Hz, 1H), 7.65 (complex, 2H), 7.76 (m, 1H), 7.88 (br s, 1H); FT-
IR nmax (cm"1): 3689, 1733; ESI-MS m/z: 314 [(MþH)þ], 336
[(MþNa)þ]. In a similar manner to that used in step i in the syn-
thesis of analog 2b, thiazoline ester 11c (6.3 mg, 0.02 mmol) was
hydrolyzed with porcine liver esterase to give anaolg 2c quantita-
tively as a pale-yellow solid. 22% ee from chiral HPLC (OZ-RH col-
umn, retention time of L-isomer: 17.4 min, D-isomer: 18.2 min; 1H
NMR (270MHz, CD3OD) d 3.61 (m, 2H, ABX system), 5.09 (dd, J¼8.9,
8.9 Hz, 1H, ABX system), 7.06e7.17 (complex, 3H), 7.30 (dd,
J¼16.1 Hz, 1H), 7.65e7.87 (complex, 4H); FT-IR nmax (cm"1): 3689,
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1716; ESI-MSm/z: 300 [(MþH)þ]. HR-ESI-MSm/z: [MþH]þ calcd for
C16H14NO3S, 300.0694; found, 300.0689.
4.2.8. (S,E)-2-(3-Hydroystyryl)-4,5-dihydrothiazole-4-carboxylic
acid (2d). To a solution of 3-hydroxycinnamic acid (1.80 g,
11.0 mmol) in CH2Cl2 (200 mL) were added acetic anhydride
(4.0 mL, 42 mmol) and DMAP (6.70 g, 54.8 mmol), and the mixture
was stirred at room temperature for 4 h. Water (150 mL) was added
to the reaction mixture and the products were extracted from the
diluted mixture with CH2Cl2 (100 mL) and EtOAc (2"80 mL) suc-
cessively. The organic layers were combined, dried overMgSO4, and
concentrated. The residue was puriﬁed by silica gel column chro-
matography (Hex/EtOAc¼2:1) to yield 3-acetoxycinnamic acid
(10d) (1.28 g, 71%) as colorless needles. Mp 140e142 $C; 1H NMR
(270 MHz, CD3OD) d 2.28 (s, 3H), 6.49 (d, J¼16.0 Hz, 1H), 7.12 (d,
J¼7.4 Hz, 1H, AA0BB0 system), 7.34e7.46 (complex, 3H), 7.63 (d,
J¼16.0 Hz, 1H); 13C NMR (67.8 MHz, CD3OD) d 20.9 (q), 121.0 (d),
122.1 (d), 124.6 (d), 126.6 (d), 130.9 (d), 137.5 (s), 144.8 (s), 152.7 (s),
170.5 (s), 171.0 (s); FT-IR nmax (cm%1): 3037, 1761, 1687, 1631; EI-MS
m/z: 206 (Mþ, 26%), 164 (100). In a similar manner to that used in
step g in the synthesis of analog 2b, acid 10d (133 mg, 0.65 mmol)
was coupled with D-Cys(S-Trt)-OMe to give an N-acyl-S-trityl D-
cysteine methyl ester derivative, (S)-methyl 2-((E)-3-(3-
acetoxyphenyl)acrylamido)-3-(tritylthio)propanoate (159 mg,
89%) as a pale-yellow oil. 1H NMR (270 MHz, CDCl3) d 2.31 (s, 3H),
2.70 (dd, J¼4.8, 12.5 Hz, 1H, ABX system), 2.78 (dd, J¼5.4, 12.5 Hz,
1H, ABX system), 3.72 (s, 3H), 4.75 (ddd, J¼4.8, 5.4, 7.9 Hz, 1H,
ABXeXY system), 6.18 (br d, J¼7.9 Hz, 1H, NH, XY system), 6.33 (d,
J¼15.6 Hz, 1H), 7.09 (m, 1H of AA0BB0 system), 7.17e7.41 (complex,
18H), 7.55 (d, J¼15.6 Hz, 1H); 13C NMR (67.8 MHz, CDCl3) d 21.2 (q),
33.9 (t), 51.2 (d), 52.7 (q), 67.0 (s),120.6 (d),121.0 (d),122.9 (d),125.6
(d), 126.9 (d)"3, 128.0 (d)"6, 129.5 (d)"6, 129.8 (d), 136.3 (s), 140.7
(d), 144.3 (s)"3, 151.0 (s), 164.9 (s), 169.3 (s), 170.9 (s); FT-IR nmax
(cm%1): 3283, 1764, 1739,1663,1624; FAB-MSm/z: 566 (MþHþ, 1%),
243 (100). In a similar manner to that used in step h in the synthesis
of analog 2b, the amide obtained above (508 mg, 0.90 mmol) was
cyclized to yield thiazoline ester 11d (93.6 mg, 36%) as a colorless
oil. 1H NMR (270MHz, CDCl3) d 2.32 (s, 3H), 3.58 (dd, J¼9.2, 11.2 Hz,
1H, ABX system), 3.65 (dd, J¼9.2, 11.2 Hz, 1H, ABX system), 3.84 (s,
3H), 5.22 (dd, J¼9.2, 9.2 Hz, 1H, ABX system), 7.06e7.10 (complex,
3H), 7.21 (m, 1H), 7.34e7.42 (complex, 2H); 13C NMR (67.8 MHz,
CDCl3) d 21.1 (q), 34.7 (t), 52.9 (q), 78.0 (d), 120.6 (d), 122.9 (d), 123.2
(d), 124.9 (d), 129.9 (d), 136.6 (s), 141.1 (d), 151.1 (s), 169.3 (s), 169.8
(s), 171.1 (s); FT-IR nmax (cm%1): 1768, 1743, 1633; EI-MS m/z: 305
(Mþ, 31%), 246 (100). In a similar manner to that used in step i in the
synthesis of analog 2b, thiazoline ester 11d (38.8 mg, 0.13 mmol)
was hydrolyzed with porcine liver esterase to give analog 2d
quantitatively as a yellow powder. Mp 163e165 $C dec; 5% ee from
chiral HPLC (retention time of L-isomer: 14.5 min, D-isomer:
16.6 min); 1H NMR (270MHz, CD3OD) d 3.54 (dd, J¼8.9, 10.9 Hz, 1H,
ABX system), 3.63 (dd, J¼9.2, 10.9 Hz, 1H, ABX system), 5.05 (dd,
J¼8.9. 9.2 Hz, 1H, ABX system), 6.79 (ddd, J¼1.0, 2.3, 7.9 Hz, 1H), 6.
79e7.23 (complex, 5H); 13C NMR (67.8 MHz, CDCl3) d 36.5 (t), 81.2
(d), 114.7 (d), 118.1 (d), 120.4 (d), 122.9 (d), 131.0 (d), 137.8 (s), 143.5
(d), 159.1 (s), 171.5 (s), 177.1 (s); FT-IR nmax (cm%1): 3180, 1583, 1628;
EI-MS m/z: 249 (Mþ, 15%), 204 (98), 145 (100). HR-ESI-MS: m/z:
[MþH]þ calcd for C12H12NO3S, 250.0538; found, 250.0493.
4.2.9. (S)-2-((1E,3E)-4-(4-Hydroxyphenyl)buta-1,3-dienyl)-4,5-
dihydrothiazole-4-carboxylic acid (3a). To a solution of ethyl 4-(tert-
butyldimethylsilyloxy)cinnamate38 (197 mg, 0.64 mmol) in toluene
(2 mL) was added DIBAL (1 M solution in toluene, 3.0 mL, 3 mmol)
and the mixture was stirred at room temperature for 3 h. The re-
action was quenched by adding water (100 mL), and the products
were extracted from the quenched mixture with EtOAc (3"10 mL).
The organic layers were dried over Na2SO4 and evaporated. The
residue was puriﬁed by PTLC (Hex/EtOAc¼2:1) to obtain 4-(tert-
butyldimethylsilyloxy)cinnamyl alcohol (141 mg, 83%) as a color-
less oil. 1H NMR (500 MHz, CDCl3) d 0.21 (s, 6H), 0.98 (s, 9H), 4.30
(br s, 2H), 6.25 (d, J¼16 Hz, 1H), 6.56 (d, J¼16 Hz, 1H), 6.80 (d,
J¼8.6 Hz, 2H, AA0BB0 system), 7.28 (d, J¼8.6 Hz, 2H, AA0BB0 system);
FT-IR nmax (cm%1): 3388; EI-MS m/z: 264 (Mþ, 54%), 207 (100). To
the 4-(tert-butyldimethylsilyloxy)cinnamyl alcohol obtained above
(233 mg, 0.88 mmol) in CH2Cl2 (80 mL) was added MnO2 (1.40 g,
16.1 mmol) and the mixture was vigorously stirred at room tem-
perature for 4 h. The reaction mixture was ﬁltered through a pad of
Celite and the ﬁltration cake was washed thoroughly with CH2Cl2.
The ﬁltrate and washings were combined and evaporated to give 4-
(tert-butyldimethylsilyloxy)-cinnamaldehyde (12a) (229 mg, 99%)
as a pale-yellow oil. A small portion was puriﬁed by PTLC (Hex/
EtOAc¼2:1) for analysis, and the rest was used for the next reaction
step without further puriﬁcation. 1H NMR (270 MHz, CDCl3) d 0.22
(s, 6H), 0.98 (s, 9H), 6.58 (dd, J¼7.8, 16 Hz,1H), 6.87 (d, J¼8.6 Hz, 2H,
AA0BB0 system), 7.41 (d, J¼16 Hz, 1H), 7.46 (d, J¼8.6 Hz, 2H, AA0BB0
system), 9.64 (d, J¼7.8 Hz, 1H); FT-IR nmax (cm%1): 1675; EI-MSm/z:
262 (Mþ, 47%), 207 (25), 206 (100). In a similar manner to that used
in step e in the synthesis of analog 2c, aldehyde 12a (47.6 mg,
0.18 mmol) was subjected to Wittig oleﬁnation to give ester 13a
(45.4 mg, 76%) as a yellow oil. 1H NMR (270 MHz, CDCl3) d 0.22 (s,
6H), 0.99 (s, 9H), 1.32 (t, J¼7.3 Hz, 3H), 4.25 (q, J¼7.3 Hz, 2H), 6.00
(dd, J¼7.8, 15 Hz,1H), 6.76e6.89 (complex, 4H), 7.36 (d, J¼7 Hz, 2H),
7.46 (d, J¼15 Hz, 1H); FT-IR nmax (cm%1): 1705; EI-MSm/z: 332 (Mþ,
41%), 275 (22), 218 (100). In a similar manner to that used in step f
in the synthesis of analog 2c, ester 13a (9.7 mg, 0.03 mmol) was
hydrolyzed with 1 M NaOH to give acid 14a quantitatively as
a yellow solid. 1H NMR (270 MHz, CD3OD) d 5.91 (d, J¼15 Hz, 1H),
6.79e6.92 (complex, 4H), 7.38 (d, J¼8.9 Hz, 2H, AA0BB0 system), 7.45
(d, J¼15 Hz,1H); FT-IR nmax (cm%1): 3311, 1670; EI-MSm/z: 190 (Mþ,
9%), 183 (100). In a similar manner to that used in step g in the
synthesis of analog 2b, acid 14a (32.3 mg, 0.170 mmol) was
condensed with D-Cys(S-Trt)-OMe to afford an N-acyl-S-trityl
D-cysteine methyl ester derivative, (S)-methyl 2-((2E,4E)-5-
(4-hydroxyphenyl)penta-2,4-dienamido)-3-(tritylthio)propanoate
(44.5 mg, 48%) as a pale-yellow oil. 1H NMR (270MHz, CDCl3) d 2.71
(m, 2H, ABX system), 3.71 (s, 3H), 4.72 (m, 1H, ABXeXY system),
5.85 (d, J¼15 Hz, 1H), 6.09 (d, J¼8.0 Hz, 1H, NH, XY system),
6.67e7.46 (complex, 22H); FT-IR nmax (cm%1): 3290, 1739, 1652. In
a similar manner to that used in step h in the synthesis of analog 2b,
the amide obtained above (44.5 mg, 0.08 mmol) was cyclized to
give thiazoline ester 15a (4.6 mg, 20%) as a yellow solid. 1H NMR
(270MHz, CD3OD) d 3.60 (m, 2H, ABX system), 3.79 (s, 3H), 5.21 (dd,
J¼8.9, 8.9 Hz, 1H, ABX system), 6.52 (d, J¼15 Hz, 1H), 6.76 (d,
J¼8.9 Hz, 2H, AA0BB0 system), 6.77e7.18 (m, 3H), 7.38 (d, J¼8.6 Hz,
2H, AA0BB0 system). In a similar manner to that used in step i in the
synthesis of analog 2b, thiazoline ester 15a (4.6 mg, 0.02 mmol)
was hydrolyzed with porcine liver esterase to give analog 3a
quantitatively as a yellow solid. 40% ee from chiral HPLC (retention
time of L-isomer: 16.2 min, D-isomer: 15.8 min); 1H NMR (270MHz,
CD3OD) d 3.60 (m, 2H, ABX system), 5.21 (dd, J¼7.3, 7.3 Hz, 1H, ABX
system), 6.52 (d, J¼15 Hz, 1H), 6.75e7.56 (complex, 7H), 7.37 (d,
J¼8.9 Hz, 2H, AA0BB0 system); 1FT-IR nmax (cm%1): 3396, 1596; HR-
ESI-MS m/z: [MþH]þ calcd for C14H14NO3S, 276.0694; found,
276.0694, [MþK]þ calcd for C14H13NKO3S, 314.0253; found,
314.0284.
4.2.10. (S)-4,5-Dihydro-2-[(1E,3E)-4-(4-dimethylaminophenyl)buta-
1,3-dienyl]thiazole-4-carboxylic acid (3b). In a similar manner to
that used in step e in the synthesis of analog 2c, 4-(dimethylamino)
cinnamaldehyde (12b) (504 mg, 2.88 mmol) was subjected to
Wittig oleﬁnation to give ester 13b (705 mg, 99%) as a yellow solid.
Mp 115e120 $C; 1H NMR (500 MHz, CDCl3) d 1.30 (t, J¼7.5 Hz, 3H),
3.00 (s, 6H), 4.20 (q, J¼7.5 Hz, 2H), 5.88 (d, J¼15.5 Hz, 1H),
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6.66e6.71 (m, 3H), 6.82 (d, J¼15.5 Hz, 1H), 7.35 (d, J¼8 Hz, 2H,
AA0BB0 system), 7.44 (dd, J¼12, 15.5 Hz, 1H); 13C NMR (125 MHz,
CD3OD) d 14.5 (q), 40.3 (q)"2, 60.2 (t), 112.1 (d)"2, 118.3 (d), 121.9
(d), 124.2 (s), 128.7 (d)"2, 141.2 (d), 145.9 (d), 151.0 (s), 167.7 (s); FT-
IR nmax (cm#1): 1701; ESI-MS m/z: 246 [(MþH)þ]. In a similar
manner to that used in step f in the synthesis of analog 2c, ester 13b
(411 mg, 1.68 mmol) was hydrolyzed with 1 M NaOH to give acid
14b (353 mg, 96%) as a yellow solid. Mp 220e225 %C (lit.39 248 %C);
1H NMR (500MHz, CD3OD) d 2.97 (s, 6H), 5.84 (d, J¼15 Hz,1H), 6.70
(d, J¼9.2 Hz, 2H, AA0BB0 system), 6.73e6.87 (m, 2H), 7.36 (d,
J¼9.2 Hz, 2H, AA0BB0 system), 7.40 (dd, J¼11, 15 Hz, 1H); 13C NMR
(67.8 MHz, CD3OD) d 39.0 (q)"2, 111.9 (d)"2, 118.7 (d), 121.7 (s),
123.1 (d), 128. 6 (d), 130.4 (d), 137.1 (d), 140.6 (s), 145.0 (s), 167.8 (s);
FT-IR nmax (cm#1): 2896, 1684; ESI-MS m/z: 218 [(MþH)þ]. In
a similar manner to that used in step g in the synthesis of analog 2b,
acid 14b (637 mg, 2.93 mmol) was coupled with D-Cys(S-Trt)-OMe
to give an N-acyl-S-trityl D-cysteine methyl ester derivative, (S)-
methyl 2-((2E,4E)-5-(4-(dimethylamino)phenyl)penta-2,4-dien-
amido)-3-(tritylthio)propanoate (1.2 g, 69%) as a yellow oil. 1H NMR
(500 MHz, CDCl3) d 2.73 (m, 2H, ABX system), 2.99 (s, 6H), 3.71 (s,
3H), 4.77 (ddd, J¼6.8, 6.8, 7.5 Hz, 1H, ABXeXY system), 5.86 (d,
J¼15 Hz,1H), 6.18 (d, J¼7.5 Hz,1H, NH), 6.67 (d, J¼8.0 Hz, 2H, AA0BB0
system), 6.70 (d, J¼11.5 Hz, 1H), 6.81 (d, J¼15.5 Hz, 1H), 7.22e7.42
(m, 18H); 13C NMR (67.8 MHz, CD3OD) d 34.3 (t), 39.0 (q)"2, 53.0
(q), 53.2 (d), 68.3 (s), 98.7 (d)"2, 112.5 (d), 115.0 (d), 121.1 (s), 124.1
(d), 128.0 (d)"3, 129.0 (d)"8, 130.7 (d)"8, 145.9 (s), 148.0 (s), 158.0
(s), 159.6 (s), 161.0 (s), 172.0 (s); FT-IR nmax (cm#1): 1739, 1593; ESI-
MS m/z: 599 [(MþNa)þ]. In a similar manner to that used in step h
in the synthesis of analog 2b, the amide obtained above (43.3 mg,
0.08 mmol) was cyclized to give thiazoline 15b (17.6 mg, 74%) as
a pale-yellow solid. Mp 145 %C dec; 1H NMR (500 MHz, CDCl3)
d 2.99 (s, 6H), 3.55 (m, 2H, ABX system), 3.82 (s, 3H), 5.15 (dd, J¼9.2,
9.2 Hz, 1H, ABX system), 6.53 (d, J¼15 Hz, 1H), 6.66 (d, J¼9.0 Hz, 2H,
AA0BB0 system), 6.72 (m, 2H), 6.93 (dd, J¼10, 15 Hz, 1H), 7.34 (d,
J¼9.0 Hz, 2H, AA0BB0 system); 13C NMR (125 MHz, CDCl3) d 33.7 (t),
39.1 (q)"2, 51.7 (q), 76.8 (d), 112.0 (d)"2, 121.0 (d), 122.0 (d), 128.4
(d)"2, 140.5 (d), 144.8 (d), 151.3 (s), 171.3 (s), 171.3 (s); FT-IR nmax
(cm#1): 1699; ESI-MS m/z: 317 [(MþH)þ]. In a similar manner to
that used in step i in the synthesis of analog 2b, thiazoline ester 15b
(39.9 mg, 0.13 mmol) was hydrolyzed with porcine liver esterase to
give analog 3b (37.9 mg, 99%) as a red solid. Mp 144 %C dec; 70% ee
from chiral HPLC (OZ-RH column, retention time of L-isomer:
9.9 min, D-isomer: 12.0 min); 1H NMR (500 MHz, CD3OD) d 2.97 (s,
6H), 3.58 (m, 2H, ABX system), 5.00 (t, J¼8.9 Hz, 1H, ABX system),
6.49 (d, J¼15 Hz, 1H), 6.70 (d, J¼9.2 Hz, 2H, AA0BB0 system), 6.81 (m,
2H), 7.04 (dd, J¼9.5, 15 Hz, 1H), 7.37 (d, J¼9.2 Hz, 2H, AA0BB0 sys-
tem); 13C NMR (125 MHz, CD3OD) d 34.5 (t), 39.3 (q)"2, 78.0 (d),
112.0 (d)"2, 119.8 (d), 121.9 (d), 124.3 (s), 128.8 (d)"2, 141.9 (d),
146.2 (d), 151.5 (s), 166.0 (s),172.0 (s); FT-IR nmax (cm#1): 3386,1734,
989; ESI-MS m/z: 303 [(MþH)þ]. HR-ESI-MSm/z: [MþH]þ calcd for
C16H19N2O2S, 303.1167; found, 303.1145.
4.3. Measurement of bioluminescent activity
4.3.1. Synthesis of 2beAMP and D-LH2eAMP. Following the litera-
ture,34 adenylated 2b and D-LH2 were prepared and puriﬁed just
prior to use. For 2b-LH2eAMP: under an argon atmosphere, a so-
lution of N,N0-dicyclohexylcarbodiimide (20 mg, 0.097 mmol) in
DMSO (0.8 mL) was added to a solution of 2b-LH2 (1 mg, 3.61 mmol)
and (#)-adenosine-50-monophosphoric acid (free acid, Oriental
Yeast Co.) (10 mg, 0.029 mmol) in DMSO (0.5 mL). The reaction
mixture was stirred vigorously for 10 min at room temperature,
then acetone (1.5 mL) was added to quench the reaction. The white
precipitates formed were deposited by centrifugation, and the su-
pernatant was discarded. The precipitates were suspended in ice-
cold acetone (1 mL) and centrifuged. This washing operation was
repeated. The twice-washed precipitates were dissolved in distilled
water containing 0.05% (v/v) triﬂuoroacetic acid (0.5 mL). The ac-
etone dissolved in the solution was removed under reduced pres-
sure. The resulting aqueous solution was promptly subjected to
HPLC puriﬁcation just prior to use as described in Section 4.1.2. D-
LH2eAMPwas also prepared by essentially the same procedure and
puriﬁed by HPLC just prior to use.
4.3.2. Measurements of bioluminescence intensities. Biolumine-
scence intensities of D-LH2, synthesized analogs, and the adenylated
derivatives were measured using an ATTO AB-2200 or AB-2270
luminometer (Hamamatsu, R4220 photomultiplier tube). A re-
actionmixturewas prepared bymixing 20 mL of substrate (100 mM),
20 mL of luciferase solution (0.01 mg/mL), and 20 mL of potassium
phosphate buffer (500 mM, pH 8.0). Luminescence reactions were
initiated by injecting 40 mL of ATP-Mg (200 mM) into the reaction
mixture at ambient temperature. To evaluate bioluminescence ac-
tivity of the adenylated derivatives, 20 mL of the adenylated sub-
strate (10 mM), 20 mL of potassium phosphate buffer (500 mM, pH
8.0), and water (40 mL) were mixed, and the luminescence reaction
was initiated by adding 20 mL luciferase solution (1 mg/mL). In the
both cases, light emission was monitored for 180 s with sampling
intervals of 1 s. Emission intensities were expressed as the light
count per second (cps).
4.3.3. Measurements of bioluminescence spectra. Bioluminescence
spectra of synthesized analogs and the adenylated derivatives were
recorded using an ATTO AB-1850 spectrophotometer. A reaction
mixture was prepared by mixing 5 mL of a substrate (100 mM), 5 mL
of luciferase solution (1 mg/mL), and 5 mL of potassium phosphate
buffer (500 mM, pH 8.0). Luminescence reactions were initiated by
injecting 10 mL of ATPeMg (200 mM) into the reaction mixture.
Emission spectra were measured in 1 nm increments from 400 nm
to 750 nm. Bioluminescence emission wavelengths of the adeny-
lated substrates were measured in a similar manner. Luminescence
reactions were initiated by adding 5 mL of luciferase solution (1 mg/
mL) to solutions of adenylated substrates (10 mM, 5 mL) in 5 mL of
potassium phosphate buffer (500 mM, pH 8.0) and 10 mL water.
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We study firefly bioluminescence to create practical bio imaging 
tool. Firefly bioluminescence has two serious problems; color and 
brightness control. We give solutions; archive multi-color emission 
(430 ~ 680 nm) and Emission Enhancing Technology (EET, 1000 
fold brightness than wild type). But these solutions are not enough 
as practical use because of low brightness (multicolor) and low 
stability (EET). In this study, we focused on lumenscent intensity, 




Firefly bioluminescence is an 
enzymatic reaction, which requires 
Mg2+, ATP, and O2.  The mechanism 
of this bioluminescence is as follows; 
first, the luciferase catalyzes the 
adenylylation of the luciferin and then 
the oxygenation of the adenylylated 
luciferin, which makes an excited state 
oxyluciferin is generated and yellow-
green (560 nm) light is emitted (Fig. 1). This high efficiency luminescent system is 
widely used in the field of life science.  
 
2. Previous research 
In order to expand the application of firefly bioluminescence in research, we focused 
on improving firefly luciferin and the synthesized various analogs. Luciferin is a light 
emitter, so we modified luciferin’s structure to achieve various colors of firefly bio 
luminescence by luciferin analogs (430 nm ~ 680 nm)1, 2. 
 However these luciferin analogs are 
low luminescence intensity in relative to 
natural firefly luciferin. We have a 
solution for low intensity (Fig. 2)3.  
The firefly bioluminescence reaction is a 
2 step reactions (AMP, Oxygenation 
reaction). When we synthesized the 
intermediate luciferyl-AMP by organic 
synthesis skip 1st step, luminescence 
intensity was enhanced very strongly by 
skipping the first reaction, although 
luciferyl-AMP’s stability is very low. 
Fig. 1 The firefly bioluminescence reaction 
Fig. 2 Luciferyl AMP’s high luminescence 
activity 
10.1149/05029.0001ecst ©The Electrochemical Society
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Additionally, no luminescence analogs have luminescence activity by skipping 1st step. It 
suggests that 1st step (nucleotideation step) is bottle neck on firefly bioluminescence for 
strong light and color control. 
 
3. Purpose and Method 
In this study, we aspire to create a 
high intensity and high stability 
luminescence system: a stable luciferyl- 
AMP. One has luciferyl-AMP’s 
structure activity correlation.  So we 
need basic data about it. Luciferyl-AMP 
has four site; fluorophore, phosphate 
ester, ribose and base (Fig. 3). 
 I translate sugar and base site, so I 
can use GTP, TTP, UTP and CTP also 
Nucleotide Mono Phosphate, easily. 
 2step and 1 step luminescence reaction was evaluated as a measure of luminescence 
intensity on each. 
 
3. Results and Discussion 
3.1 2step assay results by NTP assay 
2step assay is luminescent reaction that is added NTP as substitute for ATP. We could 
evaluate 1st step (AMP reaction) activity from this translate. This result is show Table 1. 
Natural luminescent activity (added ATP) was defined as 100.  
dATP’s activity (only sugar site is substitute deoxy- ribose) is 10, dATP has activity tenth 
part of natural luminescent. Similarly, GTP and CTP have activity only one and two 
hundredth part of natural luminescent activity. UTP and dTTP don’t have a luminescent 
activity.  
 
Some of NTP have luminescent activity, but very low activity. 
Interesting that CTP has luminescent activity, because cytosine is monocyclic base. 
Adenocyne, Guanine, Cytocyne have amino group in common. It is suggested that 
recognition of 1st step (nucleotidation step) is critical to amino group on the base more 
than dicyclic. 
 We found 1st step is also very good recognition of nucleotide structure as with luciferin 
structure. 
 
3.2 1step assay results by luciferyl nucleotide 
Synthesize of luciferyl nucleotides is shown scheme 1. And then, we use luciferyl 
nucleotides for evaluation of 1step luminescence assay. 
1step assay is that luminescent reaction was added luciferyl nucleotide as substitute for 
substrate. So we could evaluate only one step (2nd step, oxygenation step) activity from 




Fig. 3 Luciferyl Nucleotide 
Table 1 2step assay’s results 
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Natural luminescent activity (2step, 
added ATP) was defined as 1.  
Luciferyl-AMP has suitably 
activity, 1000 times as high as 
natural 2step luminescent activity. 
Luciferyl- dAMP and GMP have 
very high activity, 100 times as high as natural 2step luminescent activity. Luciferyl- 
CMP’s activity is very high, because 2step reaction (added CTP) activity has lowest 
activity. But 1step reaction (using luciferyl CMP) has second highest activity. 
Even more surprisingly, luciferyl-UMP and dTMP have luminescent activity. 
Nevertheless, they don’t have activity in 2step reaction. In addition, luciferyl-UMP has      
very high activity, 50 times as high as natural 2step. 
From 1step assay result, all luciferyl-nucleotide have very high luminescent activity 
without luciferyl-dTMP., however Lucireryl-UMP is high luminescent activity. 
Difference on structure between uridine and thymine is only methyl group, but they have 
big difference on luminescent activity. 
 We found 2nd step is very poor recognition of luciferyl-nucleotide against 1st step. 
 
4. Conclusion 
Firefly bioluminescence is 2step reaction; 1st step is nucleotidation reaction, 2nd step is 
oxidation reaction. Enzyme activity was evaluated nucleotidation and oxidation activity 
separately, because luminescent reaction was observed as two reactions by using luciferyl 
nucleotide. 
From the results, 1st step has also very tight recognition of nucleotide structure by 
enzyme. On the other hands, 2nd step is very slack of substrate structure. We get a 
structure activity correlation of nucleotide in firefly bioluminescence. 
Future research will focus on Phosphoester site translation and stability of luciferyl 
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a b s t r a c t
New ﬁreﬂy luciferin analogs of the 4,40-substituted biphenyl-type were synthesized. One analog with
a 40-dimethylamino group possessed bioluminescence activity, emitting near-infrared biological window
light at 675 nm suitable for deep-site bioimaging of living animals. The chemiluminescence light-emission
maximum of the corresponding methyl ester of the bioluminescence active analog was 500 nm, implying
that biphenyl and thiazolinone rings in the light emitter might be placed in a coplanar conformation at the
polar luciferase active site.
! 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Fireﬂies emit light by a luciferin (substrate)eluciferase (enzyme)
(LeL) reaction. The luciferase catalyzes adenylylation of ﬁreﬂy D-
luciferin (D-LH2) with adenosine triphosphate (ATP) in the presence
of Mg2þ, and the subsequent oxygenation of the resulting luciferyl
AMP gives oxyluciferin and yellow-green light with high efﬁciency
(FBL¼41%) (Fig. 1).1e4 Because the ﬁreﬂy bioluminescence system
provides an extremely high signal-to-noise ratio, and exhibits ex-
cellent substrate speciﬁcity and sensitivity, this system is widely
used in ATP detection, reporter gene assays,5 and noninvasive
whole-body bioimaging.6 Near-infrared (NIR) biological-window
light (650e900 nm) is expected to be useful for deep-site imaging,
because of its low absorption by oxygenated hemoglobin and mel-
anin as well as its diminished scattering in animal tissues.7 Recently,
bioluminescence resonance-energy transfer (BRET) systems utiliz-
ing chemically modiﬁed ﬁreﬂy luciferin8a,b and luciferase8c,d were
successfully developed to obtain light-emission in the NIR window
region,8a,b and the longest wavelength recorded was 783 nm.8d
During the past decade, we designed and synthesized structurally
simple luciferin analogs for color tuning of the ﬁreﬂy bio-
luminescence system, culminating in the development of analogs
with a desirable light-emission maximum in the NIR biological
window region.9
From our study of the structureeemission wavelength relation-
ship,9 we found that the introduction of conjugated double bonds
between thearomatic parts and the thiazoline ringwas veryeffective
in elongating the wavelengths of emission maxima, producing
a wavelength shift of approximately 100 nm per conjugated double
bond. However, the insertion of more than three double bonds be-
tween the aromatic moieties and the thiazoline ring reduced the
stability of the luciferin analogs against air and light exposure.
Herein we disclose the synthesis and evaluation of the lumi-
nescence properties of new biphenyl-type luciferin analogs (1aec)
that are expected to be stable against air and light and to emit NIR
biological window light (Fig. 2).
2. Results and discussion
2.1. Molecular design and synthesis of new luciferin analogs
Using essentially the method described in the previous report,9
we ﬁrst predicted interaction of a light emitter (oxy-1a) generated
* Corresponding authors. Tel.: þ81 42 443 5484; fax: þ81 42 486 1966 (H.N.); tel.:
þ81 42 443 5493; fax: þ81 42 486 1966 (S.M.); e-mail addresses: maki@pc.uec.ac.jp
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from a biphenyl analog candidate 1a at the plausible substrate-
binding site in Photinus pyralis luciferase. The computer-aided mo-
lecular modeling suggested that the light emitter (oxy-1a) might be
adoptable at the active site in the luciferase (Fig. 3). Molecular
modeling for predicting the plausible location of the model com-
pound oxy-1a and AMP at the active site of the P. pyralis luciferase
was performed as follows. The crystal structures of 50-O-[N-(dehy-
droluciferyl)-sulfamoyl]adenosine (DLSA)-bound P. pyralis
luciferase (PDB accession number 4G36),10 inhibitor-bound
P. pyralis luciferases [4E5D (2-(2-ﬂuorophenyl)-6-methoxy-1,3-
benzothiazole),11 3RIX (aspulvinone J-CR),12 and 3IES (adenylylated
atalurene (PTC124))13], and ﬁreﬂy oxyluciferineAMP-bound Luciola
cruciata luciferase (2D1R)14 were downloaded from the RCSB Pro-
tein Data Bank. Structural alignment and construction of the ﬁgures
were performed using PyMOL (DeLano Scientiﬁc; http://www.py-
mol.org). A DLSA-bound P. pyralis luciferase (4G36) was selected as
a template and all other structures were superimposed onto 4G36.
Fig. 1. Proposed reaction catalyzed by ﬁreﬂy luciferase. In the ﬁrst step of the reaction, luciferase (Luc) catalyzes adenylylation of D-LH2 with ATP in the presence of Mg2þ to generate
the intermediate luciferyl-AMP (D-LH2-AMP) accompanied with pyrophosphate (ppi) (Eq. 1). Then the oxidative decarboxylation of the intermediate gives excited-state oxyluciferin,
which then releases visible light in the course of relaxation to the ground state (Eq. 2).
Fig. 2. Structures of new luciferin analogs (1aec) and oxy-1a.
Fig. 3. Structure around a plausible ligand-binding site of P. pyralis luciferase and overlay model of oxy-1a, oxyluciferin and AMP. The backbone structure of luciferase (RCSB PDB
accession number 4G36) is shown in cyan, and the electrostatic potential surface is presented as a wire mesh with negative and positive charges in red and blue, respectively. The
original ligand DLSA is omitted from the ﬁgure for clarity. Side chains of Arg218, Asn229, His245, Phe247, Tyr255, Ser284, Glu311, and Arg337 are shown in stick form. Top (A), side
(B), and front (C) (dimethylamino group side) views were sliced to show the binding pocket and some residues were omitted from the ﬁgure for clarity. Ribbons shown in B and C
indicate the ß-strand structure of residues 338-341. Water molecules are shown as red spheres. The ligand atoms are displayed in stick form with the carbon atom of oxy-1a in
magenta, oxyluciferin in lemon yellow and AMP in orange. Nitrogen is colored blue, oxygen is colored red, sulfur is colored yellow and phosphorus is colored deep orange.
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Root mean square deviations (RMSDs) of all atoms between 4G36
and 4E5D, between 4G36 and 3RIX, between 4G36 and 3IES, and
between 4G36 and 2D1R were 0.59, 0.60, 0.53, and 1.11 !A, re-
spectively. The crystal structure of L. cruciata luciferase 2D1R was
used to extract oxyluciferin and AMP coordinates, so the value of
RMSD was higher than for the other three P. pyralis luciferase
structures. Seeing that the position of oxyluciferin was well overlaid
to the dehydroluciferyl moiety of DLSA, the ligands of 2D1R were
used to construct ﬁgures. The local minimum models with several
biphenyl ring conformations of oxy-1a were obtained using
Spartan’04 (Wavefunction; http://www.wavefun.com) using Har-
treeeFock 3-21G calculations. Pharmacophore generator LigandSc-
out 3.115 and Ligand Explorer 1.0 (RCSB Protein Data Bank) were
used to examine the models. As shown in Fig. 3, the shape of this
plausible luciferin-binding site of the luciferase was long and nar-
row. All four ﬂat ligands mentioned above were sandwiched be-
tween the side chain of Phe247 and Gln338-Gly339-Tyr340-Gly341
b-strand (Fig. 3B). When the thiazolinone moiety of oxy-1a was
overlaid on the thiazole moiety of DLSA, the biphenyl part ﬁtted
within the binding pocket, with the ﬁrst ring overlapping the thia-
zole part of the benzothiazole of DLSA and the second ring over-
lapping the benzofuran moiety of aspulvinone J-CR. Because of the
narrow shape of the substrate-binding pocket, the ﬂat conformation
of the biphenyl ring seems to be more suitable than the corre-
sponding bulky angled conformation. Thus, we designed new
biphenyl-type luciferin analogs (1aec) to evaluate their bio-
luminescence properties. These analogs have the essential
4,5-dihydrothiazoline ring connected directly to the biphenyl moi-
ety. These were expected to be stable against air and light.
The synthesis of luciferin analogs was conducted as shown in
Scheme 1. The synthesis of 1a and c was started with
4-dimethylaminophenylboronic acid (2a) and 4-nitrophenylboronic
acid (2c), respectively. The synthesis of 1b was started with
4-(4-hydroxyphenyl)benzoic acid (4b). Suzuki coupling of 2a and c
with ethyl 4-iodobenzoate and subsequent hydrolysis of the
resulting 3a and c gave carboxylic acids 4a and c, respectively.
(S)-Trityl-D-cysteine methyl ester prepared from the D-cysteine
methyl ester hydrochloridewas coupledwith 4aec to form biphenyl
amides 5aec, respectively, which were cyclized to give thiazoline
esters 6aec, respectively. The nitro group of 6c was reduced to an
amino group to give 7c. The last step of the synthesis of 1aec was
hydrolysis of the ester moieties of 6a, b, and 7c.
Enzymatic hydrolysis using esterase for preventing racemiza-
tion of chiral centers failed because of the poor solubility of the
substrates under aqueous conditions. We therefore hydrolyzed
esters 6a, b, and 7c with an aqueous base, even though
racemization at chiral centers occurred during hydrolysis. Thus,
hydrolysis of the ester moieties of 6a, b, and 7c with lithium hy-
droxide provided the desired air- and light-stable luciferin analogs
1aec even as racemates.
2.2. Bioluminescence activity of luciferin analogs
In preliminary measurements, we observed that the light-
emission intensity of 1:1 mixtures of D- and L-1a was approxi-
mately 1/3 of that of pure D-1a. This means that the inhibition ability
of L-1a and the optical purity of the analogs are not crucial in eval-
uating the light-emission ability of the analogs under our assay
conditions. Thus, we used the racemic mixtures without further
separation. Bioluminescence activity assays of the synthesized ana-
logs 1aec were performed with wild-type P. pyralis luciferase and
ATP-Mg and the emitted light count was integrated for a ﬁxed time
(180 s). The emission spectra were measured from 400 nm to
780 nm. Of the synthetic analogs, only 1a exhibited light-emitting
activities, but the light-emission intensity at lmax(bio) of 1a was far
less than1%of that of the natural D-LH2 (Fig. 4 and Table 1). Theﬁreﬂy
bioluminescence reactionproceeds in two steps, the adenylylation of
substrates and the oxidation of the resulting adenylylated substrates.
As described in our previous work,9 we found the rate-determining
step of the ﬁreﬂy bioluminescence reaction to be the adenylylation
step.We also observed drastic light-emission enhancement by using
the adenylylated derivatives compared with the substrates them-
selves.9 If suitable substrate derivatives, such as esters possess
chemiluminescence activities and the substrates themselves are
adenylylated once, the adenylylated luciferin analogs may emit light
in the ﬁreﬂy bioluminescence reaction, more or less. As described
later, themethyl ester derivatives of analogs 1b and c (i.e., 6b and 7c,
respectively) exhibited chemiluminescence properties. Thus, the
major reason for the absence of bioluminescence activities of 1b and
c may be poor adenylylation and/or oxidation ability of the ﬁreﬂy
luciferase that may evolve from AMP-CoA-ligase and may be evo-
lutionally optimized to the structure of D-LH2.16 To construct an
emission system for 1a with higher intensity, we should search for
luciferase mutants suitable for our analogs.
The emission maximum of 1awas lmax(bio) 675 nm, which is al-
most the same as that of previously synthesized luciferin analogs A
(lmax(bio) 675 nm) and B (lmax(bio) 655 nm),9 as shown in Fig. 4. It
should be pointed out that the full width at half maximum (FWHM)
of the emission spectrum of 1awas ca. 1.5 times wider (ca. 150 nm),
than those ofA (ca. 90 nm) andB (ca.100nm). Although the emission
spectrum of 1a was measured up to 750 nm, the emission wave-
lengthwould reach to ca. 800 nmwith ca.10% of the light intensity at
Scheme 1. Synthesis of analogs 1aec. Synthetic conditions: (a) Pd(PPh3)4, K2CO3, DMF; (b) NaOH aq, reﬂux; (c) D-Cys (S-Trt)-OMe, DMT-MM, DMF; (d) Ph3PO, Tf2O, CH2Cl2; (e) LiOH,
THF/H2O; (f) Fe/HCl, THF/H2O/EtOH, reﬂux.
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lmax. The emission intensity of 1awas considerablyweaker than that
of analog A (lmax(bio) 675 nm, 5% relative light yield of D-LH2).
2.3. Chemiluminescence activity of methyl esters of luciferin
analogs 6a, b, and 7c
To conﬁrm the chemiluminescence ability of nonbioluminescent
analogs 1b and c, methyl esters of 1b, and c (6b and 7c, respectively)
aswell as that of 6a (methyl ester of 1a) were treatedwith t-BuOK/t-
BuOH under airz. All the resulting methyl esters 6a, b, and 7c
possessed potential chemiluminescence ability with light-emission
maxima at 500, 540, and 520 nm, respectively (Fig. 5, only data for
6a are shown). These proﬁles differ considerably from those of the
previously synthesized9methyl ester analogs A0 (lmax(chem) 615 nm)
and B0 (lmax(chem) 590 nm), as shown in Fig. 5. Interestingly, the
175-nm difference in light-emission maximum between bio-
luminescence and chemiluminescence (lmax(bio)!lmax(chem)) of 1a
and 6a caused them to be remarkably red-shifted compared with
those of A and A0 (lmax(bio)!lmax(chem)¼60 nm), and of B and B0
(lmax(bio)!lmax(chem)¼65 nm), revealing that enzymatic reaction
strongly affected the light-emission maximum wavelength for
biphenyl-type luciferin analog 1a. While the chemiluminescence
reaction proceeds in t-BuOH solution, in which the pivot bonds in
oxy-1a rotate freely (the rotation barrier of the pivot bonds may be
less than 10 kJ/mol), the three-ring system of oxy-1a generated by
the bioluminescence reaction may possess coplanar conformation
at the active site in the luciferase (Fig. 3), causing light-emission at
a rather longer wavelength than that supposed.
To understand the light-emission maximum difference between
the bioluminescence of oxy-1a and the chemiluminescence of 6a
better, density functional theory (DFT) calculations of oxy-1awere
carried out using the B3LYP/6-31þG(d) method. The twisted con-
former of oxy-1a (oxy-1a-twisted) is the optimized structure as the
most stable structure in the ground state, and the planar conformer
oxy-1a-planar was obtained by optimization after ﬁxing the di-
hedral angle between the two phenyl rings of the biphenyl part.
The results of the DFT calculations are summarized in Table 2. They
indicate that the most unstable oxy-1a-planar was only 5.3 kJ/mol
unstable compared with oxy-1a-twisted, meaning that at room
Fig. 4. Bioluminescence emission spectra of compounds 1a, A, and B. All spectra were normalized at the emission maxima.
Table 1
Bioluminescence intensities of compounds 1a, A, and B. The relative light-emission
intensity compared with that of natural D-LH2 is shown in %





Relative heats of formation (DH), dipole moments (m), HOMO and LUMO levels, the allowed transitions to the excited singlet states with the lowest excitation energies,
excitationwavelengths (lex), oscillator strengths (f) and conﬁgurations predicted for twisted oxy-1a (oxy-1a-twisted) and its planar form (oxy-1a-planar) with DFTand TDDFT
using B3LYP/6-31þG(d)
Structure DH/kJ mol!1 m/D HOMO/eV LUMO/eV Transition lex/nm f Conﬁguration a
oxy-1a-twisted 0.0 8.75 !5.55 !2.44 S0/S1 437 0.61 H/L (0.71)
oxy-1a-planar 5.3 9.31 !5.54 !2.45 S0/S1 431 0.82 H/L (0.71)
a Conﬁguration of excitation. H and L denote the HOMO and LUMO, respectively.
z For chemiluminescence of ﬁreﬂy luciferin and analogs, the hydrogen on the C-4
position in the thiazoline ring (the hydrogen a to the carbonyl group ﬂanking the
thiazoline ring) must be removed with an appropriate base to generate the cor-
responding enolate anion that was oxygenated to generate the oxidation product of
an S1 excited state. To remove the a-hydrogen effectively, the carboxylic acid
moiety should be transformed to an ester or more reactive derivatives, such as
thioesters, anhydrides, or AMP derivative (i.e., bioluminescence) to prevent for-
mation of the corresponding carboxylate anion, and to increase the acidity of the
C-4 position. In this study, we used the methyl esters, which were the synthetic
intermediates of the luciferin analogs.
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temperature, the pivot bonds in oxy-1a can rotate freely. Thus, the
light emitter oxy-1a may be readily placed with a planar confor-
mation at the enzyme’s active cavity, as shown in Fig. 3. The dipole
moment (m) of the ground state of oxy-1a-planar was larger than
that of oxy-1a-twisted. The HOMOeLUMO energy gap of oxy-1a-
planar is slightly smaller (0.02 eV) than that of oxy-1a-twisted. The
calculated HOMOeLUMO energy gap difference between oxy-1a-
planar and oxy-1a-twisted is rather smaller than we expected
from the experimental results. The excitation wavelength (lex)
corresponds to the transition energy for the light absorption. The
smaller lex value of oxy-1a-twisted compared with that of oxy-1a-
planar may reﬂect the effects of different conﬁguration in-
teractions of MOs. The oscillator strength (f) of oxy-1a-planar is
larger than that of oxy-1a-twisted, suggesting that the planar
structure is preferable to increase the efﬁciency of the transition
between the ground and excited singlet states. Fig. 6 shows the
optimized structures for oxy-1a-twisted and the plausible planar
conformer, oxy-1a-planar, placed in the P. pyralis luciferase active
site, obtained by DFT calculations. Fig. 7 shows frontier orbitals of
the optimized oxy-1a-twisted and oxy-1a-planar. The ﬁgure in-
dicates that the excited states of both conformers of oxy-1a possess
polar characters. The emission energy (emission color) of such
polar excited states is known to be strongly sensitive to the polarity
of the surrounding environment (solvents).17 Previously, we
investigated the light-color modulation mechanism using
5,5-dimethyloxyluciferin and aminoluciferin analogs as model
compounds, and showed that the modulation depended on the
base/solvent combination.17 Thus, in nonpolar solvents, oxy-
luciferin model compounds ﬂuoresced with yellow-green light,
whereas orange light was emitted in polar solvents. As shown in
Fig. 3, polar amino acid side chains, such as Arg218, Asn229, Ser284,
Glu311, and Arg337 surround the dimethylamino group of the light
Fig. 5. Chemiluminescence emission spectra for compounds of 6a, A0 , and B0 . All spectra were normalized at the emission maxima.
Fig. 6. Structures of twisted oxy-1a (oxy-1a-twisted) and its planar form (oxy-1a-planar) optimized with DFT using B3LYP/6-31þG(d).
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emitter oxy-1a. Among these residues, each residue of Asn229,
Ser284, Glu311, and Arg337 is located on different loops or b-sheets
of the N-terminal domain. These four different loops and b-sheets
seem to cover the substrate-binding pocket. The B-factors of these
loops are relatively higher than that of inner residues that form the
sidewall of the substrate-binding tunnel. Thus, the movement of
the ﬂexible loops and polar side chains may cause the exposure of
the light-emitting species oxy-1a to the surrounding water mole-
cules, resulting in the emission of the red-shifted light. In addition,
as mentioned in the previous paper,9 the movement of the active
site-covered C-terminal domainmay also cause oxy-1a to expose to
water molecules. When the emission species is placed in the polar
binding site, the emission color may shift to red. Thus, the largely
red-shifted light-emission of 1a in bioluminescence may not be
caused by conformational change of the light emitter at the lucif-
erase active site for oxy-1a, but rather, to exposure of the long light
emitter species to the polar environment at the luciferase active site
for oxy-1a.
3. Conclusions
We have synthesized new luciferin analogs 1aec, which were
expected to have luminescence in the near-infrared (NIR) window
region. While their immediate precursors, the corresponding
methyl esters 6a, b and 7c, showed chemiluminescence with
emission maxima of 500, 540, and 520 nm, respectively, only an-
alog 1a exhibited bioluminescence activity. The bioluminescence
maximum of 1a was observed at 675 nm, whereas the chem-
iluminescence maximum of 6a was at 500 nm. From the large
emission maxima difference (175 nm) between the bio-
luminescence of 1a and the chemiluminescence of 6a, the emission
species may be placed in a polar environment at the luciferase
active site for bioluminescence of 1a, which may have resulted in
the large emission shift toward red. In this study, we found that
a biphenyl group is a promising simple luminophore for stable lu-
ciferin analogs emitting NIR biological-window light suitable for
deep-site bioimaging. These luciferin analogs, however, showed
low luminescence intensities and poor water solubility compared
with natural ﬁreﬂy luciferin. In the next stage, we will attempt to
create practically useful luciferin analogs of the biphenyl-type
having emission maxima in the NIR window region.
4. Experimental section
4.1. General
4.1.1. Materials and general method for synthesis. Starting materials
and reagents were obtained from commercial suppliers and used
without further puriﬁcation. Solvents used for anhydrous condi-
tions were distilled, or dried over 4 !A molecular sieves. Merck
precoated Kieselgel 60 F254 plates with 0.25 mm (Art. 5715) or
0.5 mm (Art. 5744) thickness were used for analytical and pre-
parative thin layer chromatography (TLC). Visualization of TLC was
accomplished with UV light and by treatment with suitable stain-
ing reagents. Merck Kieselgel 60 (Art. 7734) was used for column
chromatography. Solvents were removed with a rotary evaporator
under reduced pressure at a temperature below 40 !C. Melting
points were measured using a Yamato MP-2 instrument and are
uncorrected. The optical purity of synthesized luciferin analogs was
analyzed by HPLC (Agilent 1100 series) using a chiral column
(Daicel Chemical Industries, OZ-RH, 5 mm, 4.6"150 mm) with
a linear gradient of 10%e90% acetonitrile in H2O over 30 min (ﬂow
rate 0.5 mL/min) as eluent. A UV detector set at 330 nm was used
for peak detection. Synthesized compounds were used for the lu-
minescence assay without further puriﬁcation. IR spectra were
measured using a Horiba FT 730 spectrometer using the KBr pellet
or Attenuated Total Reﬂection (ATR) methods. 1H and 13C NMR
spectra were recorded on JEOL Lambda 270 [270 MHz (1H) and
67.8 MHz (13C)] and JEOL ECA 500 [500 MHz (1H) and 125 MHz
(13C)] instruments. Chemical shifts are reported in parts per million
(d) downﬁeld from internal tetramethylsilane (d¼0) and coupling
constants in Hertz. Electron ionization mass spectra (EIMS) were
measured with a JEOL JMS 600H instrument. Low- (ESI-MS) and
high-resolution electrospray ionization mass spectra (HR-ESI-MS)
were measured with JEOL JMS T1000LC mass spectrometers, using
tuned conditions of needle voltage: 2000 V, oriﬁce 1 voltage: 85 V,
oriﬁce 2 voltage: 5 V, ring lens voltage: 10 V, desolvating gas:
250 !C, oriﬁce 1 temperature: 80 !C, delivery of sample: infusion
method, ﬂow speed: 10e30 mL/min (according to the sample). DFT
calculations were performed using the Gaussian 09 program.18 DFT
includes Beck’s three-parameter function combined with Lee, Yang,
and Parr’s correlation function (B3LYP), along with the 6-31þG(d)
basis set.19e21 Molecular graphics were generated using GaussView,
Version 5.22 These DFT calculations were performed with the
computer system of the Information Technology Center of UEC.
4.1.2. Materials and general method for luminescence assay. A
1 mg/mL stock solution of commercial luciferase purchased from
Promega (QuantiLum recombinant P. pyralis luciferase, E1701) and
Sigma (L9506) was prepared by dissolving the luciferase in 50 mM
TriseHCl buffer (pH 8.0) containing 10% glycerol and was stored
at %80 !C. Just prior to use, the luciferase stock solutions were di-
luted 100-fold with 50 mM potassium phosphate buffer (pH 6.0)
containing 35% glycerol. The diluted luciferase solution was ice-
cooled until use. ATP-Mg was purchased from Nacalai Tesque, and
the buffer chemicals from Wako Chemicals or Kanto Chemicals.
Fig. 7. HOMOs and LUMOs of twisted conformer of oxy-1a (oxy-1a-twisted) and its planar form (oxy-1a-planar).
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Stock solutions of substrates were prepared by dissolving 5 mM of
the substrates in 50 mM potassium phosphate buffer (pH 6.0), and
were stored at !80 "C. Deionized water (Millipore, Milli-RX-12a)
was used for aqueous assay solutions. pH was monitored with
a Horiba F-23 pH meter. Bioluminescence intensity was measured
using an ATTO AB-2200 or AB-2270 luminometer (Hamamatsu,
R4220 photomultiplier tube) and bioluminescence spectra were
recorded using an ATTO AB-1850 spectrophotometer.
4.2. Preparation of luciferin analogs
4.2.1. S-Trityl-D-cysteine methyl ester [D-Cys(S-Trt)-OMe]. To a solu-
tion of D-cysteine methyl ester hydrochloride (308 mg,
1.80 mmol) in triﬂuoroacetic acid (1.5 mL), triphenylmethanol
(515 mg, 1.98 mmol) was added, and the mixture was stirred at
room temperature for 2 h. The reaction mixture was concen-
trated under reduced pressure. The residue obtained was dis-
solved in MeOH. To the MeOH solution, ion exchange resin
IRA400 OH AG was added to neutralize the HCl salt of the
products. The mixture was ﬁltered through a column with
a cotton plug, and the resin was washed thoroughly with MeOH.
The ﬁltrate and washings were combined and concentrated in
vacuo. The crude products were puriﬁed by silica gel column
chromatography (Hex/EtOAc¼1:1) to give D-Cys(S-Trt)-OMe
658 mg (97%) as a pale-yellow oil. 1H NMR (270 MHz, CDCl3)
d 2.47 (dd, J¼7.7, 12.4 Hz, 1H, ABX system), 2.60 (dd, J¼4.8,
12.4 Hz, 1H, ABX system), 3.20 (br dd, J¼4.8, 7.7 Hz, 1H, ABX
system), 3.65 (s, 3H), 7.18e7.31 (complex, 9H, 3$C6H3), 7.40e7.45
(complex, 6H, 3$C6H2); 13C NMR (67.8 MHz, CDCl3) d 36.9 (t),
52.1 (q), 53.8 (d), 66.8 (s), 126.8 (d)$3, 127.9 (d)$6, 129.6 (d)$6,
144.5 (s)$3, 174.2 (s); FT-IR (ATR) 3381, 3315, 1739, 1595 cm!1;
ESI-MS m/z: 378 (MþHþ).
4.2.2. (S)-2-(4 0-(Dimethylamino)-[1,1 0-biphenyl]-4-yl)-4,5-
dihydrothiazole-4-carboxylic acid (1a). To a solution of ethyl 4-
iodobenzoate (250 mL, 1.50 mmol) in DMF (6 mL), tetrakis(-
triphenylphosphine)palladium(0) (100 mg, 0.0865 mol) and K2CO3
(539 mg, 3.90 mmol) were added under Ar. To this mixture, 4-
(dimethylamino)phenylboronic acid (2a) (315 mg, 1.91 mmol) was
added and themixture was stirred at 90 "C for 14 h. After additional
tetrakis(triphenylphosphine)palladium(0) (27 mg, 0.0234 mmol),
K2CO3 (125 mg, 0.904 mmol) and 2a (97 mg, 0.583 mmol) were
added, the reaction mixture was stirred at 90 "C under Ar for an
additional 24 h. The mixture was ﬁltered through a pad of silica gel.
The ﬁltration cake was thoroughly washed with EtOAc. The ﬁltrate
and washings were combined and concentrated under reduced
pressure. The residue obtained was puriﬁed by silica gel column
chromatography (Hex/EtOAc¼4:1/0:1) to yield the biphenyl ester
3a (229 mg, 0.850 mmol, 56%) as a white solid (step a in Scheme 1).
Mp 155e160 "C; IR (KBr) 2981e2807, 1702, 1602, 1540, 1184,
1064 cm!1; 1H NMR (500 MHz, CDCl3) d 1.40 (3H, t, J¼6.9 Hz), 3.00
(6H, s), 4.38 (2H, q, J¼6.9 Hz), 6.79 (2H, d, J¼9.2 Hz, AA0BB0 system),
7.55 (2H, d, J¼9.2 Hz, AA0BB0 system), 7.61 (2H, d, J¼8.6 Hz, AA0BB0
system), 8.05 (2H, d, J¼8.6 Hz, AA0BB0 system); MS (ESI):m/z 270.14
([MþH]þ), 292.12 ([MþNa]þ).
To a solution of biphenyl ester 3a (148 mg, 0.550 mmol) in EtOH
(6 mL), 1 M NaOH aq (6 mL) was added and the mixture stirred at
reﬂux for 4 h under Ar. The reaction mixturewas neutralized by the
addition of satd NH4Cl aq (9 mL). The precipitates were collected by
suction ﬁltration, washed with distilled water to give the biphenyl
acid 4a (122 mg, 0.506 mmol, 92%) as a yellow solid (step b in
Scheme 1). Mp 290e291 "C; IR (KBr) 3350e2400, 1675, 1598, 1529,
948 cm!1; 1H NMR (500 MHz, DMSO-d6) d 2.91 (6H, s), 6.77 (2H, d,
J¼7.5 Hz, AA0BB0 system), 7.54 (2H, d, J¼7.5 Hz, AA0BB0 system), 7.49
(2H, d, J¼7.5 Hz, AA0BB0 system), 7.89 (2H, d, J¼7.5 Hz, AA0BB0 sys-
tem); MS (ESI): m/z 242.11 ([MþH]þ).
To a solution of biphenyl acid 4a (15.0 mg, 0.0622 mmol)
in DMF (2 mL), D-Cys(S-Trt)-OMe (31.2 mg, 0.0826 mmol) and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-
ride hydrate (DMT-MM) (21.6 mg, 0.0735 mmol) were added under
Ar. After the reaction mixture was stirred at room temperature for
3 h, water (20 mL) was added to the mixture. The products were
extracted with CH2Cl2 (3$20 mL). The combined organic layers
were dried over Na2SO4, ﬁltered, and concentrated. The residue
obtained was puriﬁed by silica gel column chromatography (Hex/
EtOAc¼2:1) to give the biphenyl amide 5a (32.9 mg, 0.0548 mmol,
87%) as a colorless oil (step c in Scheme 1). IR (ATR) 3299, 2919,
2850, 1740, 1637, 1600, 1537, 1487, 1270, 1168 cm!1; 1H NMR
(500 MHz, CDCl3) d 2.75 (2H, complex), 3.01 (6H, s), 3.75 (3H, s),
4.85 (1H, ddd, J¼12.6, 4.6, 7.5 Hz), 6.70 (1H, d, J¼7.5 Hz, NH), 6.81
(2H, d, J¼8.6 Hz, AA0BB0 system), 7.15e7.34 (9H, complex),
7.35e7.42 (6H, complex), 7.55 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.63
(2H, d, J¼8.0 Hz, AA0BB0 system), 7.78 (2H, d, J¼8.0 Hz, AA0BB0
system); MS (ESI): m/z 623.27 ([MþNa]þ), 639.25 ([MþK]þ).
To a solution of biphenyl amide 5a (14 mg, 0.023 mmol) in dry
CH2Cl2 (1.5 mL), triphenylphosphine oxide (Ph3PO) (19 mg,
0.068mmol) and triﬂuoromethanesulfonic anhydride (Tf2O) (50 mL,
0.29 mmol) were added under Ar. After the reaction mixture was
stirred at room temperature for 2.5 h, the reactionwas quenched by
adding water (20 mL), and the desired products were extracted
with CHCl3 (3$20 mL). The combined organic layers were dried
over Na2SO4, ﬁltered, and concentrated. The residuewas puriﬁed by
PTLC (Hex/EtOAc¼1:1) to afford the thiazoline ester 6a (7.0 mg,
86%) as a yellow solid (step d in Scheme 1). Mp 173e174 "C; IR (ATR)
3296, 2918, 2849, 1739, 1636, 1600, 1537, 1487, 1209, 1168 cm!1; 1H
NMR (500MHz, CDCl3) d 3.00 (6H, s), 3.61e3.73 (2H, complex), 3.83
(3H, s), 5.29 (1H, dd, J¼9.2, 9.2 Hz), 6.79 (2H, d, J¼8.6 Hz, AA0BB0
system), 7.54 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.59 (2H, d, J¼8.0 Hz,
AA0BB0 system), 7.87 (2H, d, J¼8.0 Hz, AA0BB0 system); MS (ESI):m/z
341.13 ([MþH]þ), 363.12 ([MþNa]þ).
To a solution of the thiazoline ester 6a (7.7 mg, 0.023 mmol) in
THF/H2O (2:1, 2 mL), lithium hydroxide (2.0 mg, 0.047 mmol) was
added under Ar. After the reaction mixture was stirred at room
temperature for 30 min, it was diluted with EtOAc (30 mL) and the
products were extracted with distilled water (2$20 mL). The
combined aqueous layers were acidiﬁed to pH 3 with 1 M HCl, and
the products were extracted with EtOAc (2$20 mL). The combined
organic layers were dried over Na2SO4, ﬁltered, and concentrated to
afford a solid, whichwaswashedwith a small amount of cold EtOAc
to give 1a (4.0 mg, 49%) as a red solid (step e in Scheme 1). Mp
173e174 "C; 20% ee from chiral HPLC (retention time of L-isomer:
18.8 min, D-isomer: 20.0 min); IR (ATR) 3500e2400, 1575, 1558,
1600, 1539, 1496, 1199, 938 cm!1; 1H NMR (500 MHz, CDCl3) d 3.01
(6H, s), 3.73 (2H, m), 5.34 (1H, dd, J¼9.2, 9.2 Hz), 6.80 (2H, d,
J¼8.6 Hz, AA0BB0 system), 7.55 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.62
(2H, d, J¼8.0 Hz, AA0BB0 system), 7.86 (2H, d, J¼8.0 Hz, AA0BB0
system); 13C NMR (125 MHz, CDCl3) d 34.85 (t), 40.52 (q)$2, 78.10
(d), 112.67 (d)$2, 114.51 (s), 119.61 (s), 126.11 (d)$2, 127.91 (d)$2,
129.17 (d)$2, 129.63 (s), 131.41 (s), 167.49 (s), 212.40 (s); MS (ESI):
m/z 327.17 ([MþH]þ): HR-ESI-MS m/z: [MþH]þ calculated for
C18H19N2O2S, m/z 327.1167; found m/z 327.1219.
4.2.3. (S)-2-(40-Hydroxy-[1,10-biphenyl]-4-yl)-4,5-dihydrothiazole-4-
carboxylic acid (1b). To a solution of 40-hydroxy-[1,10-biphenyl]-4-
carboxylic acid (4b) (191.0 mg, 0.892 mmol) in DMF (3 mL),
D-Cys(S-Trt)-OMe (356.0mg, 0.943mmol) and DMT-MM (296.5mg,
1.00 mmol) were added under Ar. After the reaction mixture was
stirred at room temperature for 15 h, the reactionwas quenched by
the addition of water (30 mL). The products were extracted with
CH2Cl2 (2$30 mL). The combined organic layers were dried over
Na2SO4, ﬁltered, and concentrated. The residue was puriﬁed by
PTLC (Hex/EtOAc¼4:1) to afford the biphenyl amide 5b (124.0 mg,
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0.216 mmol, 24%) as a colorless oil (step c in Scheme 1). IR (ATR)
3400e3200, 1732, 1635, 1604, 1531, 1487, 1435, 1200, 1172 cm!1; 1H
NMR (500MHz, CDCl3) d 2.73e2.81 (2H, complex), 3.75 (3H, s), 4.84
(1H, ddd, J¼7.5, 5.1, 8.1 Hz), 5.70 (1H, br, OH), 6.71 (1H, d, J¼8.1 Hz,
NH), 6.93 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.17e7.25 (9H, complex),
7.35e7.40 (6H, complex), 7.50 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.61
(2H, d, J¼8.0 Hz, AA0BB0 system), 7.80 (2H, d, J¼8.0 Hz, AA0BB0
system); MS (ESI): m/z 596.15 ([MþNa]þ).
To a solution of biphenyl amide 5b (21.0 mg, 0.0366 mmol) in
dry CH2Cl2 (1.5 mL), triphenylphosphine oxide (Ph3PO) (29.8 mg,
0.107 mmol) and triﬂuoromethanesulfonic anhydride (Tf2O) (20 mL,
0.11 mmol) were added under Ar. After the reaction mixture was
stirred at room temperature for 30 min, the reaction was quenched
by adding satd NaHCO3 aq (20 mL), and the products were
extractedwith CHCl3 (2$20mL). The combined organic layers were
dried over Na2SO4, ﬁltered, and concentrated. The residue was
puriﬁed by PTLC (Hex/EtOAc¼1:1) to afford the thiazoline ester 6b
(10 mg, 0.031 mmol, 86%) as a yellow oil (step d in Scheme 1). IR
(ATR) 3400e3200, 1744, 1497, 1436, 1531, 1268, 1193, 931 cm!1; 1H
NMR (500MHz, CDCl3) d 3.64e3.75 (2H, complex), 3.83 (3H, s), 5.32
(1H, dd, J¼9.2, 9.2 Hz), 6.05 (1H, br, OH), 6.90 (2H, d, J¼8.6 Hz,
AA0BB0 system), 7.45 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.54 (2H, d,
J¼8.0 Hz, AA0BB0 system), 7.87 (2H, d, J¼8.0 Hz, AA0BB0 system); MS
(ESI): m/z 314.08 ([MþH]þ), 336.05 ([MþNa]þ).
To a solution of thiazoline ester 6b (10.0 mg, 0.031 mmol) in
THF/H2O (2:1, 3 mL) under Ar, lithium hydroxide (4.3 mg,
0.10 mmol) was added. After the reaction mixture was stirred at
room temperature for 10 min, it was diluted with water (20 mL),
and the aqueous layer was washed with EtOAc (2$20 mL). The
aqueous layers were made acidic (pH two) with 1 M HCl aq, then
the products were extracted with EtOAc (2$20 mL). The combined
organic layers were dried over Na2SO4, ﬁltered, and concentrated to
afford a solid, whichwas washedwith a small amount of cold EtOAc
to give 1b (6.0 mg, 57%) as a yellow solid (step e in Scheme 1).
Optical purity was not determined. Mp 200e201 %C; IR (ATR)
3500e2400, 1682, 1575, 1496, 1442, 1229, 1200, 932 cm!1; 1H NMR
(500 MHz, CD3OD) d 3.66e3.75 (2H, complex), 5.29 (1H, dd, J¼9.2,
9.2 Hz), 6.85 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.51 (2H, d, J¼8.6 Hz,
AA0BB0 system), 7.63 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.86 (2H, d,
J¼8.6 Hz, AA0BB0 system); 13C NMR (125 MHz, CD3OD); d 34.70 (t),
77.93 (d), 115.45 (d)$2, 126.03 (d)$2, 127.89 (d)$2, 128.71 (d)$2,
130.35 (s), 130.83 (s), 144.58 (s), 157.73 (s), 171.76 (s), 172.69 (s); MS
(ESI): m/z 300.07 ([MþH]þ), 322.03 ([MþNa]þ); HR-ESI-MS m/z:
[MþH]þ calculated for C16H14NO3S, m/z 300.0694; found m/z
300.0694.
4.2.4. (S)-2-(40-Amino-[1,10-biphenyl]-4-yl)-4,5-dihydrothiazole-4-
carboxylic acid (1c). To a solution of ethyl 4-iodobenzoate (130 mL,
0.782 mmol) in DMF (4 mL), tetrakis(triphenylphosphine)palla-
dium(0) (50 mg, 0.0433 mmol) and K2CO3 (285.1 mg, 2.06 mmol)
were added under Ar. 4-Nitrophenylboronic acid (2c) (142.0 mg,
0.851 mmol) was then added and the reaction mixture was stirred
at 80 %C for 12 h. The mixture was subjected directly to silica gel
column chromatography (EtOAc) to yield the biphenyl ester 3c
(215.9 mg, 0.796 mmol, 92%) as a yellow solid (step a in Scheme 1).
Mp 95e96 %C; IR (ATR) 3078, 2985, 1702, 1595, 1569, 1511, 1367,
1337, 1268, 1101 cm!1; 1H NMR (500 MHz, CDCl3) d 1.42 (3H, t,
J¼7.5 Hz), 4.41 (2H, q, J¼7.5 Hz), 7.68 (2H, d, J¼8.6 Hz, AA0BB0 sys-
tem), 7.76 (2H, d, J¼8.0 Hz, AA0BB0 system), 8.15 (2H, d, J¼8.0 Hz,
AA0BB0 system), 8.31 (2H, d, J¼8.6 Hz, AA0BB0 system); MS (EI): m/z
271 (Mþ, 48), 226 (100).
To a solution of biphenyl ester 3c (169.0 mg, 0.623 mmol) in
2-propanal (4 mL), 1 M NaOH (4 mL) was added and the mixture
stirred at reﬂux temperature for 2 h. The reaction mixture was
neutralized by adding satd NH4Cl aq (10 mL). After the residue was
cooled, the precipitates were collected by suction ﬁltration, washed
by water to give the biphenyl acid 4c (126.0 mg, 0.518 mmol, 83%)
as a yellow-white solid (step b in Scheme 1). Mp 290e291 %C; IR
(ATR) 3300e2400,1682,1596,1568,1514,1325,1295,1108 cm!1; 1H
NMR (500 MHz, DMSO-d6) d 7.87 (2H, d, J¼8.0 Hz, AA0BB0 system),
7.99 (2H, d, J¼8.6 Hz, AA0BB0 system), 8.03 (2H, d, J¼8.0 Hz, AA0BB0
system), 8.30 (2H, d, J¼8.6 Hz, AA0BB0 system); MS (ESI):m/z 244.24
([MþH]þ).
To a solution of biphenyl acid 4c (102.0 mg, 0.419 mmol) in DMF
(6 mL), D-Cys(S-Trt)-OMe (197.0 mg, 0.522 mmol) and DMT-MM
(156.0 mg, 0.529 mmol) were added under Ar. After the reaction
mixture was stirred at room temperature for 90 min, the reaction
was quenched by the addition of water (50 mL). The products were
extracted with EtOAc (2$50 mL). The combined organic layers
were dried over Na2SO4, ﬁltered, and concentrated. The residue
obtained was puriﬁed by silica gel column chromatography
(Hex/EtOAc¼2:1/1:1) to give the biphenyl amide 5c (241.0 mg,
0.399 mmol, 95%) as a colorless oil (step c in Scheme 1). IR (ATR)
3307, 3055, 2951, 1738, 1660, 1651, 1596, 1567, 1514, 1339,
1210 cm!1; 1H NMR (500 MHz, CDCl3) d 2.78 (2H, complex), 3.77
(3H, s), 4.84 (1H, ddd, J¼8.0, 5.1, 7.4 Hz), 6.74 (1H, d, J¼7.4 Hz, NH),
7.18e7.26 (9H, complex), 7.37e7.39 (6H, complex), 7.70 (2H, d,
J¼8.6 Hz, AA0BB0 system), 7.77 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.88
(2H, d, J¼8.6 Hz, AA0BB0 system), 8.33 (2H, d, J¼8.6 Hz, AA0BB0
system); MS (ESI); m/z 625.12 ([MþNa]þ).
To a solution of biphenyl amide 5c (240.0 mg, 0.398 mmol) in
dry CH2Cl2 (5 mL), triphenylphosphine oxide (Ph3PO) (342.0 mg,
1.22 mmol) and triﬂuoromethanesulfonic anhydride (Tf2O)
(200 mL, 1.18 mmol) were added under Ar. After the reaction
mixture was stirred at room temperature for 30 min, the reaction
was quenched by the addition of satd NaHCO3 aq (80 mL), and the
products were extracted with CHCl3 (2$80 mL). The combined
organic layers were dried over Na2SO4, ﬁltered, and concentrated.
The residue was puriﬁed by silica gel column chromatography
(CH3Cl/MeOH¼1:0/50:1) to afford the thiazoline ester 6c
(137.0 mg, 0.400 mmol, 100%) as a yellow solid (step d in Scheme
1). Mp 217e218 %C; IR (ATR) 3459, 3081, 2954, 1731, 1591, 1558,
1508,1336, 1232 cm!1; 1H NMR (500MHz, CDCl3) d 3.66e3.78 (2H,
complex), 3.85 (3H, s), 5.32 (1H, dd, J¼9.7, 9.7 Hz), 7.67 (2H, d,
J¼8.0 Hz, AA0BB0 system), 7.75 (2H, d, J¼8.0 Hz, AA0BB0 system),
7.99 (2H, d, J¼8.0 Hz, AA0BB0 system), 8.31 (2H, d, J¼8.0 Hz, AA0BB0
system); MS (ESI); m/z 343.07 ([MþH]þ), 365.06 ([MþNa]þ).
To a vigorously stirred solution of thiazoline ester 6c
(120.0 mg, 0.350 mmol) in EtOH/THF/H2O (1:2:1, 4 mL) under Ar,
NH4Cl (100 mg, 1.79 mmol) and powdered Fe (100 mg,
1.79 mmol) were added. After the reaction mixture was vigor-
ously stirred at reﬂux temperature for 90 min, the mixture was
ﬁltered through a pad of silica gel. The ﬁltration residue and silica
gel were washed thoroughly with EtOAc. The ﬁltrate and wash-
ings were combined, and the products were extracted with EtOAc
(3$30 mL). The combined organic layers were dried over Na2SO4,
ﬁltered, and concentrated. The residue obtained was puriﬁed by
PTLC (CH3Cl/MeOH¼50:1) to afford amino ester 7c (68.9 mg,
0.230 mmol, 62%) as a yellow solid (step f in Scheme 1). Mp
127e128 %C; IR (ATR) 3463, 3369, 2950, 1740, 1626, 1596, 1575,
1497, 1433, 1189, 1177 cm!1; 1H NMR (500 MHz, CDCl3)
d 3.61e3.73 (2H, complex), 3.80 (2H, br, NH2), 3.83 (3H, s), 5.29
(1H, dd, J¼9.2, 9.2 Hz), 6.75 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.45
(2H, d, J¼8.6 Hz, AA0BB0 system), 7.57 (2H, d, J¼8.6 Hz, AA0BB0
system), 7.88 (2H, d, J¼8.6 Hz, AA0BB0 system); MS (ESI): m/z
313.08 ([MþH]þ), 335.07 ([MþNa]þ).
To a solution of thiazoline ester 7c (33 mg, 0.10 mmol) in
THF/H2O (2:1, 3 mL), lithium hydroxide (10 mg, 0.047 mmol) was
added under Ar. After the reaction mixture was stirred at room
temperature for 30 min, the reactionwas quenched by the addition
of water (20 mL), and the aqueous mixture was washed with EtOAc
(30 mL). The water layer was made acidic (pH 4) with 1 M HCl aq,
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then the water solution was extracted with EtOAc (2!20 mL). The
combined organic layers were dried over Na2SO4, ﬁltered, and
concentrated to afford a solid, which was washed with a small
amount of cold EtOAc to give 1c (25 mg, 73%) as a yellow solid (step
e in Scheme 1). Optical purity was not determined. Mp 183e184 "C;
IR (ATR) 3500e2400, 1634, 1589, 1495, 1395,1270, 1189, 1252 cm#1;
1H NMR (500MHz, CD3OD) d 3.01 (6H, s), 3.73 (2H, m), 5.34 (1H, dd,
J¼9.2, 9.2 Hz), 6.80 (2H, d, J¼8.6 Hz, AA0BB0 system), 7.55 (2H, d,
J¼8.6 Hz, AA0BB0 system), 7.62 (2H, d, J¼8.0 Hz, AA0BB0 system), 7.86
(2H, d, J¼8.0 Hz, AA0BB0 system); 13C NMR (125 MHz, CD3OD)
d 35.15 (t), 96.88 (d), 115.31 (d)!2, 121.86 (s), 125.53 (d)!2, 127.45
(d)!2, 128.71 (d)!2, 128.93 (s), 129.14 (s), 142.42 (s), 189.47 (s),
218.68 (s); MS (ESI): m/z 299.10 ([MþH]þ), 321.08 ([MþNa]þ); HR-
ESI-MS m/z: [MþH]þ calculated for C16H15N2O2S, m/z 299.0854;
found m/z 299.0831.
4.3. Measurement of bioluminescence and chem-
iluminescence activity
4.3.1. Measurements of bioluminescence intensities. Bioluminescence
intensities of D-LH2 and synthesized analogs, 1aec, A,9 and B9 were
measured using an ATTO AB-2270 luminometer (Hamamatsu,
R4220 photomultiplier tube). A reaction mixture was prepared by
mixing 20 mL of substrate (100 mM), 20 mL of luciferase solution
(0.01 mg/mL), and 20 mL of potassium phosphate buffer (500 mM,
pH 8.0). Luminescence reactions were initiated by injecting 40 mL of
ATP-Mg (200 mM) into the reactionmixture at ambient temperature.
The light-emission was monitored for 180 s with sampling intervals
of 1 s. Emission intensities were expressed as the light count per
second (cps).
4.3.2. Measurements of bioluminescence and chemiluminescence
spectra. Bioluminescence spectra of 1a, A,9 and B9 were recorded
using an ATTOAB-1850 spectrophotometer. A reaction mixturewas
prepared by mixing 5 mL of substrate (100 mM), 5 mL of luciferase
solution (1 mg/mL), and 5 mL of potassium phosphate buffer
(500 mM, pH 8.0). Luminescence reactions were initiated by
injecting 10 mL of ATP-Mg (200 mM) into the reaction mixture at
ambient temperature. Emission spectra were measured in 0.5 nm
increments from 400 nm to 780 nm.
Chemiluminescence spectra of methyl esters 6a, b, c, A0 ,9 and B09
were recorded using an ATTO AB-1850 spectrophotometer. A re-
action mixture was prepared by mixing 240 mL of methyl esters
(2.5 mM). Luminescence reactions were initiated by injecting 1 mL
of t-BuOK/t-BuOH (500 mM) into the reaction mixture at ambient
temperature. Emission spectra were measured in 0.5 nm in-
crements from 400 nm to 780 nm.
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Spectroscopic properties of amino-analogs of luciferin and
oxyluciferin were investigated to conﬁrm the color modu-
lation mechanism of ﬁreﬂy (beetle) bioluminescence. Fluore-
scence solvatochromic character of aminooxyluciferin
analogs indicates that the bioluminescence of aminoluciferin
is useful for evaluating the polarity of a luciferase active site.
Fireﬂies and luminous beetles such as click beetles and railroad
worms show bioluminescence with the same luciferin–luciferase
(L–L) reaction.1 An enzyme, luciferase catalyzes the lumine-
scence reaction of ﬁreﬂy luciferin (LH2), ATP and O2, to give
oxyluciferin (OLH) and a photon of visible light (Scheme 1).
One of the important characteristics of the bioluminescent
system is photon generation in a wide range of colors from green
to red (λmax 530–640 nm)
2 using the common LH2. To better
use the bioluminescent system for practical applications, we
have to clarify the fundamental chemical subjects including the
mechanism of color modulation.
Color variation of the bioluminescence is caused by the
changes in the structure and properties of the excited OLH inside
the active site of a luciferase. The most plausible candidate struc-
ture of the light-emitter is the keto-form of the phenolate anion
(OL−, Scheme 1) which is supported by the mechanistic evi-
dence reported by Branchini et al.,3 while other possible struc-
tures were proposed.4 We recently supported this conclusion by
clarifying the spectroscopic properties of the phenolate anion of
5,5-dimethyl OLH analog (1-O−), whose methyl groups make
the π-system ﬁx the keto form.5 In fact, the ﬂuorescence
maximum of 1-O− varied in the range of green to red color
depending on two factors: (i) the polarity of the molecular
environment and (ii) the bonding interaction between the oxido
group and a counter cation. Therefore, these two factors will
play essential roles in the color modulation mechanism of the
bioluminescence. To establish the mechanism, we need to under-
stand the property of the excited state of OL− having the oxido
group at C6′ as a strong electron-donating group. To reveal the
role of the oxido group of OL−, we compared the spectroscopic
properties of OLH analogs (1-NMe2, 1-NH2 and 1-H) having a
substituent R (NMe2, NH2 and H) at C6′ with those of 1-OH,
1-O− and methoxy analog 1-OMe.5 We now report how the
spectroscopic property of 1 is affected by the electron-donating
ability of a series of R, explaining the color variation of ﬁreﬂy
(beetle) bioluminescence. In addition, the data of amino analog
1-NH2 are useful for evaluating the bioluminescence property of
aminoluciferin (ALH), whose fundamentals have been well
studied.6 Because ALH is a useful analog as a red-emitting sub-
strate,7 it is valuable to decipher bioluminescence color modu-
lation behavior with ALH. For this purpose, we reinvestigated
the bioluminescence of ALH together with that of the 5,5-
dimethyl analog (Me2ALH), that is the luciferin analog corre-
sponding to 1-NH2. We also report here the color modulation
mechanism of the ALH bioluminescence.
OLH analogs 1-NMe2, 1-NH2 and 1-H were prepared by the
method for preparing 1-OH.5 The Hammett σp constants of R for
1-NMe2, 1-NH2 and 1-H are −0.83, −0.66 and 0.00, respec-
tively, and those of hydroxyl, oxido and methoxy groups
for 1-OH, 1-O− and 1-OMe are −0.37, −0.81 and −0.27,
Scheme 1
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respectively.8 Thus, the electron-donating abilities of the
dimethylamino and oxido groups are similar to each other.
UV/visible absorption and ﬂuorescence spectra of 1-NMe2,
1-NH2 and 1-H were measured in various solvents (p-xylene,
benzene, chloroform, DMSO, acetonitrile, 2-propanol, methanol
and H2O). Analogs 1-NMe2 and 1-NH2 showed intense ﬂuor-
escence (ΦF > 0.1) similar to 1-O
− (Fig. 1), while ﬂuorescence
of 1-H was not observed. The spectroscopic data of 1 are sum-
marized in Tables S1 and S2† in the ESI with the solvent
polarity scale ET(30) (in kcal mol
−1) that has been used for
evaluating dipolar character of a molecule.9,10 Analogs 1-NMe2
and 1-NH2 exhibited solvatochromism of the absorption and
ﬂuorescence bands, and their absorption maxima (λab) and
ﬂuorescence maxima (λﬂ) show a characteristic dependency on
the solvent polarity. Variation widths of the ﬂuorescent state
energies (Eﬂ) estimated from λﬂ of 1-NMe2 and 1-NH2 were
larger than those of the absorption energies (Eab) estimated from
their λab. The spectral changes of 1-NMe2 and 1-NH2 were
evaluated by correlating the Eﬂ and Eab values (in kcal mol
−1)
with ET(30) (Fig. 2). Fig. 2 also shows the plots of the Eab and
Eﬂ values for 1-OH, 1-OMe, and 1-O
− generated by using
1,1,3,3-tetramethylguanidine. The Eab–ET(30) and Eﬂ–ET(30)
plots for 1-NMe2 and 1-NH2 show linear correlations similar to
those for 1-OH and 1-OMe, while the deviations of Eab are
larger than those of Eﬂ. The correlations were estimated to be
Eab = −0.15ET(30) + 66 (r = −0.85) and Eﬂ = −0.41ET(30) + 66
(r = −0.95) for 1-NMe2 and Eab = −0.17ET(30) + 73 (r =
−0.55) and Eﬂ = −0.47ET(30) + 73 (r = −0.93) for 1-NH2.
In the case of 1-O−, the Eab–ET(30) plot shows a low correlation
and the Eﬂ–ET(30) plot shows two correlation lines, because the
electronic absorption and ﬂuorescence of 1-O− are affected by
the structural character of the ion pair of 1-O− and a counter
cation as reported previously.5 The negative slopes of the
Eab–ET(30) and Eﬂ–ET(30) correlations for 1-NMe2 and 1-NH2
indicate that both their ground (S0) and excited singlet (S1) states
have dipolar character. The slopes of the Eﬂ–ET(30) plots are
steeper than those of the corresponding Eab–ET(30) plots, indi-
cating that the dipolar character of the S1 states of 1-NMe2 and
1-NH2 is stronger than that of the corresponding S0 states
because their electronic excitations have intramolecular charge
transfer (ICT) character. The Eab and Eﬂ are in the order
1-OH ≈ 1-OMe > 1-NH2 > 1-NMe2 in a common solvent, indi-
cating that the increase of the electron-donating ability of
R causes a red shift of the λab and λﬂ. The Eﬂ of 1-O
− is smaller
than that of 1-NMe2 in a less polar solvent and is varied between
those of 1-NMe2 and 1-NH2 in a polar protic solvent. The result
indicates that the oxido group at C6′ of OL− plays a role as an
electron-donating group stronger than the dimethylamino group
in less polar environments, while its electron-donating ability is
depressed by hydrogen bonding interactions in a protic polar
solvent. Analogs 1-NMe2 and 1-NH2 showed high ΦF in the
range from 0.1 to 0.9 similar to 1-O−, while 1-OH and 1-OMe
showed low ΦF below 0.2 and the ﬂuorescence of 1-H dis-
appeared. Therefore, we can conclude that the electron-donating
ability of R at C6′ in the OLH structure is essential for ﬂuore-
scence solvatochromism and increase of the ﬂuorescence
efﬁciency.
To understand the electronic effect of the substituent R at C6′
on the spectroscopic properties of 1, we carried out DFT and
TDDFT calculations of 1-NMe2, 1-NH2 and 1-H using the
B3LYP/6-31+G(d) method.11 Calculation data are summarized
in Table S3† together with the reported data of 1-OH and
1-OCH3.
5,12 The electric dipole allowed transitions to the excited
singlet states with the lowest excitation energies are S0 → S1 for
1-NMe2 and 1-NH2 and S0 → S3 for 1-H. The former S0 → S1
transitions are mainly contributed by the HOMO to LUMO exci-
tation and the latter S0 → S3 transition is mainly contributed by
the HOMO − 2 to LUMO excitation. The Kohn–Sham frontier
orbitals of 1-NMe2, 1-NH2 and 1-H (Fig. S6† in the ESI) indi-
cate that these allowed transitions are of π–π* type. Excitation
wavelengths (λex) for the allowed transitions of 1-NMe2
(438 nm), 1-NH2 (401 nm) and 1-H (340 nm) correspond to the
observed λab (1-NMe2, 468 nm; 1-NH2, 417 nm; 1-H, 328 nm)
in benzene. The tendency of the red shift of λex with increase of
the electron-donating ability of R matches the spectroscopic
observations for 1. This red shift of λex originates from a change
of the frontier orbital levels; an increase of the electron-donating
ability of R causes a rise of the HOMO level steeper than that of
the LUMO level. Oscillator strengths (f ) of 1-NMe2 and 1-NH2
are similar to those of OL− and 1-O−, and larger than those of
the remaining analogs. Because a ﬂuorescence rate constant is
theoretically related to f,13 introduction of a strong electron-
donating R such as the amino group will accelerate the
Fig. 2 Eab and Eﬂ values for 1-NMe2 ( ) and 1-NH2 ( ) together with
those for 1-OH (♦), 1-O− (◊) and 1-OMe ( ) plotted as a function of
ET(30).
Fig. 1 UV/visible absorption (Abs) and ﬂuorescence (Fl) spectra of
1-NMe2 (A and B) and 1-NH2 (C and D) in p-xylene (a), benzene (b),
chloroform (c), DMSO (d), acetonitrile (e), 2-propanol (f ), methanol
(g), and H2O (h) at 25 °C.
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ﬂuorescence emission process to lead to a high ΦF. In the cases
of 1-NMe2 and 1-NH2, electrons of their HOMOs and LUMOs
are distributed around the benzothiazole and thiazolylthiazole
moieties, respectively, in a manner similar to those of OL− and
1-O−. Thus, the HOMO to LUMO excitation has ICT character
to enlarge the dipole moments of the S1 states of 1-NMe2 and
1-NH2. This conclusion matches that obtained from the evalua-
tion of the solvent-dependent ﬂuorescence spectral change
described above.
To evaluate the bioluminescent property of ALH, we have to
conﬁrm the S1 state structure of aminooxyluciferin (AOL) during
the bioluminescence reaction. For this purpose, we investigated
L–L reactions of Me2ALH with a recombinant Photinus pyralis
(Ppy) luciferase and the luminescence properties of Me2ALH
were compared with those of LH2 and ALH.
3,6 L–L reactions
with low concentrations of substrates [luciferins (20 μM),
Mg·ATP (80 μM), and PPy luciferase (30 nM)] showed steady
light emission,14 and the relative intensity ratios for the reactions
with LH2, ALH and Me2ALH were 1.0 : 0.13 : 0.001 at pH 8.0
and 1.0 : 0.90 : 0.003 at pH 5.0. Bioluminescence spectra (Fig. 3)
of Me2ALH at pH 5.0 and 8.0 coincided with each other and
showed the emission maxima (λbl) at 608 nm. Observed spectra
of LH2 and ALH at pH 5.0 and 8.0 (Fig. 3) showed λbl reprodu-
cing the reported values: 619 and 571 nm at pH 5.0 and 8.0 for
LH2, respectively, and 609 nm at pH 5.0 and 8.0 for ALH.
6 Bio-
luminescence spectra of ALH and Me2ALH coincided with each
other, indicating that the S1 state of AOL generated by the L–L
reactions has the keto form. This result also indicates that the
two methyl groups at C5 of Me2ALH inﬂuence to a lesser extent
the spectroscopic properties. This is supported by DFT calcu-
lations of AOL (Table S4†), which showed that the π-electronic
properties and excitation character of 1-NH2 and AOL were
similar to each other. Me2ALH showed pH-independent biolumi-
nescence spectra similar to those of ALH.6 This result conﬁrms
that the amino groups at C6′ of ALH and Me2ALH play a role to
induce their pH-independent luminescence property of the L–L
reactions.
We are now able to evaluate the λbl values for the L–L reac-
tions of ALH and Me2ALH with Ppy luciferase based on the
ﬂuorescent property of 1-NH2. Because 1-NH2 exhibited ﬂuore-
scence solvatochromism, the λbl values give information on the
polarity of the active site of Ppy luciferase.15 The λbl
(608–9 nm) for ALH and Me2ALH are similar to the λﬂ
(610 nm) of 1-NH2 in methanol, indicating that the active site
provides a polar environment like a methanol solution to the S1
states of AOL and 1-NH2. Polar character of the active site for
the excited AOL and 1-NH2 is not affected by the pH of
solutions as explained below. On the other hand, the pH depen-
dent bioluminescence of LH2 indicates that the active site of Ppy
luciferase provides two different polarity environments to the S1
states of OL−. Based on the ﬂuorescent property of 1-O−,5 it is
predicted that the 571 nm emission occurs from the excited OL−
located in the active site with nonpolar character like a benzene
solution and the 619 nm emission occurs in the active site with
polar character like an alcoholic solution. It is also known that
bioluminescence quantum yield (ΦBL) with Ppy luciferase
shows pH dependent character,16 indicating that the nonpolar
active site dominantly functions in a pH 8 solution to give a high
ΦBL and the polar active site dominantly functions in a pH 5
solution to give a low ΦBL. These active sites are interconvertible
depending on the pH of a solution. Thus, it is remarkable that
the changes of λbl and ΦBL are related to each other.
16,17
Because the ΦBL value is mainly determined by the chemiexcita-
tion efﬁciency,18 a switch of the active sites with different
polarities takes place before the chemiexcitation process
(Scheme 2). LH2 bonded in the active site of Ppy luciferase is
adenylated and the following oxygenation gives the dioxetanone
intermediate, which takes two types of possible binding confor-
mations in the active site, termed N- and P-types (Scheme 2).
Decompositions of the dioxetanones in two binding confor-
mations in the active site generate the S1 states of OL
− with the
corresponding binding conformations with different chemiexcita-
tion efﬁciencies. The excited OL− in the N- and P-types of
binding conformations are inﬂuenced by the nonpolar and polar
character of the active site, respectively (Scheme 2). In the case
of the ALH bioluminescence, the amino groups of the dioxeta-
none intermediate and the excited AOL lead to the P-type of
binding conformations preferentially, showing red emission both
in pH 5 and 8 solutions (Scheme 2). Thus, the hydroxyl group
of LH2 plays an important role for the interactions with the
active site of Ppy luciferase to give the dioxetanone in the
N-type of binding conformation in a pH 8 solution. Because a
green emitting luciferase may have evolved from a proto-
luciferase with the red emission ability,19 the P-type of binding
conformation will be a prototype for the dioxetanone in the
active site and the active site has the ability to allow an analog
structure of the dioxetanone to adopt the P-type binding confor-
mation. The difference in the λbl for the red emission with ALH
(609 nm) and LH2 (619 nm) corresponds to the different
electron-donating abilities of the amino group of AOL and the
oxido group of OL−. Therefore, the S1 states of OL
− and AOL
in the P-conformation are similarly affected by the polar charac-
ter of the active site.
Fig. 3 Bioluminescence spectra of LH2 (a), ALH (b), and Me2ALH
(c) with a recombinant Photinus pyralis (Ppy) luciferase in 0.10 M
potassium phosphate buffers at pH 5.0 (A) and pH 8.0 (B).
Scheme 2
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Conclusions
We have clariﬁed the ﬂuorescent properties of 1-NH2 and its
related compounds and revealed that the amino group, a strong
electron-donating group, plays important roles for a red-shift
of λﬂ, ﬂuorescence solvatochromism, and a high ΦF value.
This information leads to the conclusion that the strong electron-
donating ability of the oxido group in OL− is essential for the
high efﬁciency and solvatochromic properties of OL− as the
light-emitter in the ﬁreﬂy (beetle) bioluminescence. It was also
clariﬁed that the ALH bioluminescence occurs by the light emis-
sion from the S1 states of the keto form of AOL. The emission
colors from the excited AOL are modulated only by the polarity
of the active site, while those from the excited OL− are modu-
lated not only by the polarity but also by the covalent character
of the O8′⋯H bonds between the excited OL− and a counter
cation.5 Therefore, the λbl value for the bioluminescence with
ALH is useful for evaluating the polarity of the active site of a
luciferase by using the ﬂuorescence data of 1-NH2 as a ruler for
the polarity scale. Extended applications of the ALH biolumine-
scence to various luciferases are currently underway.
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